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ABSTRACT 

The objective of this work was to provide a solution to the problem of toxic metal 

emissions from high temperature combustion processes. Multi-metal as well as single-

metal interactions were investigated to provide an understanding of mechanisms that 

exist in industrial furnaces, where multiple metals are present. Specifically, multiple 

toxic metals, lead and cadmium, and a common non-toxic metal, sodium, were 

investigated. 

Sodium capture by kaolinite was found to exhibit a negative activation energy 

(between 1100 and 1300 °C) similar to that shown previously for lead, due to a 

catastrophic deactivating melt initiated by the metal oxide/kaolinite reaction product. In 

addition, an overall sodium/kaolinite reaction rate (soluble + insoluble) was determined. 

It was also discovered that a larger percentage of sodium/kaolinite reaction product was 

water soluble when formed at lower equivalence ratios than at high equivalence ratios. 

The majority of the initially formed sodium/kaolinite reaction products were probably 

insoluble sodium aluminosilicates. However, at high sorbent utilizations (low 

equivalence ratios), the meta-kaolinite structure probably broke down to form sodium 

silicates and aluminates, thus enabling at least twice as much sodium capture as the 

sodium aluminosilicate products. 

The cadmium/kaolinite reaction rate was highly activated between 1100 °C and 

1300 °C, due to a self-enhancing melt, which occurred at the high but not low 

temperature condition. For the Cd/Pb multi-metal system, cadmium capture was 

enhanced by a melt initiated by the lead/kaolinite reaction product. Also, cadmium 
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enhanced lead capture by reducing the extent of catastrophic melt caused by the 

lead/kaolinite product. The formation of an optimum eutectic melt accounts for the 

enhancement of total bimetal capture by kaolinite at high and low temperatures (1100 °C 

to 1300 °C). 

Sodium capture by kaolinite completely dominated over lead capture from a 

bimetal system. On the other hand, sodium was found to behave similar to lead in terms 

of enhancing cadmium capture by kaolinite at the low temperature condition. 

In addition to kaolinite, hydrated lime was found to be effective at capturing 

cadmium, and CDEM sorbent, composed of calcium carbonate, lime, and kaolinite, was 

effective at capturing cadmium and a mixture of cadmium and lead. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

An important environmental issue facing a wide variety of process industries is 

the emission of semi-volatile toxic metals during the combustion of coal [1], bio-fliels 

[2], and hazardous or municipal wastes [3]. Toxic metals are emitted from industrial 

boilers and waste incinerators in the form of slag residues, fly ash, and metal aerosols. 

Metals in slag residues and fly ash are often leachable, and may contaminate ground 

water. Emitted metal aerosols may contact human populations directly through 

inhalation, drinking water contamination (condensation on lakes and rivers), and 

indirectly through the food chain. 

Toxic metals, specifically lead and cadmium, have been shown [4] to cause 

serious liver and kidney damage as well as damage to human reproductive, nervous, and 

immune systems. Consequently, toxic metal emissions from waste incinerators and 

industrial boilers are regulated by the Resource Conservation and Recovery Act (RCRA) 

and Title III, Section 112 of the Clean Air Act. 

l.I Sources of Toxic Metals 

Toxic metals are contained in biofuels (through soils to vegetation), wood waste, 

fossil fuels, hazardous waste, municipal and solid wastes, medical wastes, and sewage 

sludge. While toxic metals are found in all combustion feedstocks and are a potential 

problem for virtually all combustion environments, the toxic metal concentration 

distribution depends on the fuels and process involved [5]. The reference given contains 

some errors in relation to cadmium volatility and the possible cadmium species formed in 
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combustion environments, partly due to reliance on incomplete thermodynamic 

equilibrium code libraries, particularly in the presence of chlorine. However, the 

reference [5] does contain a broad treatment of the source of toxic metals by feedstock 

and process. Biswas and Wu [6] also present a table of toxic metal emissions by 

combustion source. The worst polluters, particularly for lead and cadmium, are 

municipal solid waste, wastewater sludge, and hazardous waste incinerators [6]. 

However, emissions from coal fired boilers are also significant [6]. 

Table 1.1 contains a list of potentially harmful toxic metals, which are commonly 

emitted from combustion environments [5]. Trace metal emissions are compared for 

combustion, anthropogenic, and natural sources. As shown, the emission of toxic metals 

Metal Combustion ̂  All Human ^ Natural^ Total'' 
Sources Sources Processes® 

As 2.5 18.9 12.2 31.1 
Cd 1.6 7.6 1.4 9.0 
Cr 13.5 30.5 43.3 73.8 
Cu 9.8 28.1 63.4 
Hg 3.9 3.5 2.5 6.0 
Mn 20.4 38.2 316.9 355.1 
Ni 42.4 51.6 29.3 80.9 
Pb 15.1 332.3 12.2 344.5 
Sb 2.0 3.5 2.6 6.1 
Se 4.0 6.3 10.3 16.6 
Sn 4.1 5.1 — — 

Ti 1.1 5.1 — — 

V 85.2 86.0 27.7 113.7 
Zn 18.6 131.8 44.7 176.5 

a. Includes windbome dust, sea salt spray, volcanic activity, forest fires, and biogenic 
sources. 

b. Units are in kiloton/year. 
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from combustion sources is very significant compared to the total amount of metal 

emitted from all sources. However, this amount is even more significant when 

considering the effects of localized pollution, where one anthropogenic emission source 

could increase the local metal aerosol concentration by orders of magnitude in highly 

populated areas. 

A more specific investigation was performed by Korzun and Heck [7], on sources 

and fates of lead and cadmium in municipal solid waste. It was determined that cadmium 

entered the waste stream in the combustibles (plastics and pigments), while lead 

emissions were derived from plastics, pigments, and batteries. Law and Gordon [8] 

found that Ag, Cd, Cr, Mn, Pb, Sn, and Zn were derived from both noncombustible and 

combustible components of refuse in municipal incinerators. Kauppinen and Pakkanen 

[9] examined the mass and trace element size distributions of aerosols emitted by a 

hospital refuse incinerator. They found that a significant amount of various toxic metals 

(including Pb, Cd, and Mg) vaporize and potentially emit into the environment during the 

incineration process. Linak and Wendt [10] have provided a comprehensive treatment of 

trace metal transformation mechanisms during coal combustion. In this and related 

works [1,10] they present a list of elements regulated by the Resource Conservation and 

Recovery Act (RCRA) and the Clean Air Act (CAA), and a list of combustion 

investigations describing submicron fly ash elemental enrichment. Electrostatic 

precipitator collection efficiency curves for submicron and supermicron sized particles, 

and the impact of chlorine and sulfur dioxide are also presented [1,10]. 
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1.2 Toxicity of Heavy Metals 

For both a broad and in depth treatment of heath effects, mobility, and critical 

pathways of trace heavy metals in our society today, refer to Toxicitv of Metals by Louis 

W. Chang [11]. The health effects information presented in this section was obtained 

from tliis reference [11]. 

Lead and cadmium were the main toxic trace metals investigated in this work, 

both of which are semi-volatile metals. Along with arsenic and mercury, lead and 

cadmium are the trace elements engendering the most concern in our society today. The 

rest of this section attempts to detail some of the specific health effects caused by 

exposure to amounts of cadmium and lead found in the environment, which may be 

affected by the release of cadmium and lead aerosol from high temperature combustion 

environments. Health effects due to extremely high exposures of cadmium, such as 

might be experienced by mine workers or welders, are not considered here. 

Humans are exposed to cadmium in occupational settings by inhalation and 

through contaminated foods, and tobacco. In general, tobacco contains 1-2 //g of 

cadmium per cigarette. In Sweden, the daily intake of cadmium through foods is about 

10 //g. The exposure is particularly high from rice exposed to cadmium-containing 

irrigation water. The exposure of cadmium through the skin is extremely low. While 

mining and manufacturing processes are a significant water contamination source, 

cadmium aerosol from high temperature industrial combustion processes contributes to 

this contamination through condensation on lakes, rivers and streams. Industrial 
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emissions also contribute to the general public's potential for direct inhalation of 

cadmium. 

The main cadmium body burden is in the liver and kidneys. The body's ability to 

eliminate cadmium from the kidneys is very slow, with a biological half-life of several 

decades. Kidney dysfunction has been observed in 10% of people with a cadmium 

concentration of at least 200 /^g/g in the renal cortex. Cadmium is carcinogenic. The 

potential for cadmium to cause lung cancer has been particularly well established. In 

addition to pulmonary carcinogenesis, cadmium has the potential to affect the formation 

of other malignant tumors, such as prostatic, testicular, and hematopoietic tumors. 

Cadmium is also a genotoxin. There is a lack of consensus on how cadmium induces 

genetic damage. However, at low doses, cadmium may create genotoxicity by 

compromising the cell's ability to cope with spontaneously occurring DNA damage. At 

high doses, cadmium may act by damaging DNA directly, or by stimulating the 

production of reactive intermediates, which subsequently attack the genetic material. 

For both lead and cadmium, rather little is known about the basic mechanism 

behind their toxicity. However, it is well established that they bind to the sulfydryl 

groups of proteins. If this occurs on an enzyme, its function may be inhibited, which may 

result in toxic effects. In addition to all of the exposure routes for cadmium, humans are 

also exposed to lead emissions through automobile exhausts, solder, lead pipes, discarded 

batteries, and lead-based paint. 

Exposure to inorganic lead may cause demyelinization, axonal degeneration, and 

presynaptic block. This damage to the peripheral and central nervous system causes 
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paralysis and pain in the extremities. In children, exposure to lead may cause 

encephalopathy, with ataxia, coma, and cunvulsions. Symptoms include fatigue, 

impaired concentration, loss of memory, insomnia, anxiety, and irritability. Lead has an 

inhibitory effect on steps in the chain of reactions used by important blood-forming 

organs. Lead also inhibits the activity' of red cells. Lead exposure may cause kidney 

damage in a similar manner as that caused by cadmium. There is also some evidence that 

lead may cause damage to the reproductive system in men and cause pregnant women to 

abort, while inhibiting cognitive ability development of infants and small children whose 

mothers were exposed to lead during pregnancy. The evidence supporting lead as a 

carcinogen is much less conclusive than that for cadmium. However, the evidence is 

enough to reasonably regard lead compounds (both organic and inorganic) as if they 

presented a carcinogenic risk to humans. 

1.3 Fate of Metals in Combustion Environments 

Figure 1.1 contains a diagram, adapted from Linak and Wendt [1], showing 

different pathways of combustion generated metal aerosols. Metals contained in coal, 

heavy oil, municipal and solid waste, and other combustible feedstocks, may follow one 

of several different pathways to eventually form either supermicron or submicron sized 

particles. Supermicron particles are collected effectively by conventional particulate 

control devices, such as bag houses and electrostatic precipitators. Refractory metals, 

those with very high boiling points, are the most likely to follow a path that leads to the 

formation of a supermicron aerosol, depending on the temperature of combustion. 
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Figure 1.1. Possible transformation pathways of toxic metals from combustion sources [1]. 



20 

However, the formation and later fragmentation of cenospheric particles is one possible 

pathway toward the formation of submicron aerosols composed of refractory metal. 

Semi-volatile metals, such as cadmium and lead, tend to stay in the vapor phase 

longer than refractory metals and homogeneously nucleate and coagulate to form 

particles with a submicron size distribution. Consequently, submicron ash particles are 

highly enriched in toxic metals [12], These submicron particles are difficult to capture 

even with a baghouse or electrostatic precipitator and have the most damaging health 

effect potentials, because they are most easily lodged in the lining of human lung tissue. 

In addition to their elucidation of the fate of toxic metals in combustion 

environments, Linak and Wendt [1] broadly discussed mechanisms and control of toxic 

metal emissions from incineration, covering the broad topics of toxic metal identification 

and regulation, health effects, and multi-media. The fuels discussed [1] include 

pulverized coal, hea\'y and residual fuel oil, hazardous wastes, municipal wastes, and 

sewage sludge. The mechanisms of metal partitioning in different combustion 

environments is discussed in detail, including thermodynamic equilibrium considerations. 

Mechanisms of condensation, coagulation and nucleation are also discussed [1]. 

An even more general review of incineration technology, presented by Wendt [3], 

covers the major impediments to public acceptance of incineration, organic compounds, 

dioxins, and toxic metals. The respective roles of turbulent mixing, rogue droplets, 

transient puffs, and other mixing limitations are discussed [3]. The work presented here 

focuses primarily on the mitigation of emitted submicron toxic metal aerosol formed 

from the nucleation, condensation, and coagulation of semi-volatile metals. 
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1.4 Kaolinite Structure and Transformations 

Kaolin clay is an inexpensive material found in abundance in the environment and 

produced as a byproduct of industrial processes. This, in addition to its surface and 

structural properties, makes it adaptable to various industrial applications and a perfect 

sorbent for the capture of trace metals. A description of kaolinite is given by Drzal et. al. 

[13]: 

The basic kaolinite particle is a hexagonal platelet formed from alternating 
two-dimensional silica and alumina layers. The silica layer consists of 
interconnected — silicon atoms in tetrahedral coordination with oxygen atoms. 
These tetrahedra form a hexagonally sjmimetric layer with one surface composed 
of three of the tetrahedral oxygens and the other with one of the oxygens. The 
silicon atoms are located in between the two. The surface containing single 
tetrahedral oxygen atoms are chemically connected to the alumina layer. The 
unbonded oxygens form a hexagonally open-packed layer. 

The alumina layer is composed of alumina octahedra interconnected to 
form a two-dimensional layer. Aluminum atoms are octahedrally coordinated 
with oxygen atoms and hydroxyl groups. Only two-thirds of the octahedral 
positions are filled by aluminum to maintain electrical neutrality of the particle. 
The hydroxyls are arranged to form a hexagonally symmetric close-packed layer. 

The structure of kaolinite results from the combination of the silica and 
alumina layers into a thin hexagonal sheet. Hydrogen bonding between the 
alternating oxygen and hydroxyl surfaces causes these platelets to stack together. 
The resultant ideal kaolinite particle is then composed of three surfaces, the 
aluminum hydroxyl layer, the silicon oxygen layer, and an edge surface composed 
of aluminum, silicon, oxygen, and hydroxyl groups. A naturally occurring sample 
of this mineral varies from the ideal particle only in its crystallinity; i.e., the 
regularity in its crystallographic directions, and the kind and number of cations 
adsorbed on the particle surface due to substitution of atoms of lower valence than 
aluminum in the lattice. 

Due to the abundance and usefulness of kaolin clay, kaolinite has been 

extensively studied. Unfortunately, most of the chemical and structural transformation 

studies have been under bench scale conditions, essentially investigating the equilibrium 

structures of kaolinite at particular temperatures. In such long residence time systems. 
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kaolinite initially dehydroxylates to form meta-kaoUnite, the reactive structure for the 

scavenging of trace metals, then funther transforms to eventually produce deactivated 

sorbent (mullite). However, even at the high temperatures of this investigation, the 

residence time is too short to prom«ote mullite formation [14, 15]. On the other hand, for 

the high sorbent particle heating raites (>10^ K/s), high temperatures (1100 to 1300 °C), 

and small particles (average diametter ~ 2 //m) of the current investigation, 

dehydroxylation was near instantameous [14], and all in-flimace sorbent was assumed to 

be meta-kaolinite immediately upoai injection. 

As discussed earlier, kaolinJte particles consist of thin non-porous platelets 

stacked one on top of another formJng meso-pore size gaps between them. However, the 

platelets themselves have very little if any internal void volume. Actually, the platelets 

are only ~ 0.436 nm thick, and are formed by the network of the kaolinite or meta-

kaolinite crystal structure itself, witth one exposed layer composed of inactive closely 

packed oxygen atoms and the otherr exposed layer composed of either close-packed 

hydroxyls or active aluminum sites; [16]. In the ideal kaolinite structure, the platelets of 

the particles are stacked and held together by hydrogen bonding, creating an inter-platelet 

gap of approximately one nanomet»er. Based on these dimensions and the density of 

kaolinite (~ 2.64 g/cc), the total possible intemal surface area, accessible or not, of ideal 

kaolinite particles is approximately 76 m /g. This is much lower than might be obtained 

for other less densely packed materrials. An activated carbon for example, may have an 

intemal surface area 20 or 30 timess higher. 
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The flash calcination (high heating rate dehydroxylation) of kaolinite creates 

some void volume in meta-kaolinite [14] due to explosively escaping vapor and removal 

of the hydrogen bonding. Creation of micro-porosity in the platelets is not extremely 

important with respect to accessing material within the platelet itself, unless meta-

kaolinite crystal structural transformations occur as a result. To put it in perspective, 

micro-pores to a meta-kaolinite crystal platelet are like a few small pinholes in a sheet of 

standard photocopier paper. The flash calcination process however, may open significant 

meso-pore volume from the external surface of the particle by widening the inter-platelet 

gaps or creating pores perpendicular to the platelets. 

It has been observed in this work and elsewhere (see sections 1.7 and 1.8), that 

crystal products of reaction with meta-kaolinite yield much less sorbent utilization than 

melted products. Consequently, sorbent-melts significantly enhance captvure rates and 

sorbent utilization. Given the nature and structure of the platelets, this is probably not 

due to restricted transport within these platelets. The thickness of the platelets is in the 

mico-pore size range. Rather it is due to the inability of the closely packed crystal 

structures to physically accommodate metal reactant species in the plane of the platelet 

and the difficulty for these crystal structures to form a range of products that allow the 

accommodation of more metal, i.e., 4Pb0-Al203-2Si02. Melting breaks up the closely 

packed platelet structures and allows more independence and volume to form various 

products, as well as allowing a greater quantity of product to be formed. In addition, a 

surface renewal enhancement process caused by the melt could take place on a multiple 
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platelet scale, where the melting of reactively accessible platelets exposes previously 

unavailable platelets underneath. 

The phase diagrams [17, 18, 19] for the lead and sodium aluminosilicate systems 

show that a number of different reaction products may result from the reaction of lead 

and sodium with meta-kaolinite, most of which form at much lower temperatures than the 

sorbent injection temperatures of this work. However, the phase diagram provides 

equilibrium products, while capture in an entrained flow furnace normally involves very 

short residence times (<1.2 seconds). Table 1.2 contains a list of possible products 

formed from the lead/kaolinite and sodium/kaolinite systems. Phase diagrams have yet to 

be developed for the cadmium-alumina, -silica, or -aluminosilicate systems. However, 

the position of cadmium on the periodic table makes it likely that it forms products 

analogous to the lead products listed in Table 1.2. 

The chemical structure of kaolinite is Al203-2Si02-2H20 and of meta-kaolinite is 

Al203-2Si02. Table 1.2 is presented in an explicitly simple way to illustrate a few 

important points. First, the maximum sorbent utilization for sodium scavenging will be 

limited to the capture of one sodium-oxide molecule per one complete meta-kaolinite 

molecule, based on the formation of sodivmi aluminosilicates. The only way to surpass 

this sorbent utilization limit is for a breakdown of the aluminosilicate structure to form 

silicates and aluminates. Even if these simpler products require similar amounts of 

sodium with respect to aluminum or silicon as the aluminosilicate products, the sorbent 

utilization may be twice as great, because two products are formed instead of one. An 

intact crystalline morphology is not consistent with such a drastic change in products. 
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Hence, the formation of silicates and aluminates probably only occurs accompanied by a 

sorbent melt, and a sorbent melt will significantly enhance the rate of sodium capture and 

the total sorbent utilization limit. 

Table 1.2. Products formed fi-pm the scavenging of metal by kaolinite [17, 18, 19]. 

Species Metal Atoms Aluminum Atoms Silicon Atoms 

Sodium Number of Atoms in Sodium/Kaolinite Product Species 

Meta-Kaolinite 2 2 
^•NazO-SiOa 4 — 1 

Na20-Si02 2 — 1 

Na20-2Si02 2 — 2 
Na4Si04 4 — 1 
Na2Si03 2 — 1 
Na2Si205 2 — 2 

Na20-Al203 2 2 — 

Na20-Al203-2Si02 2 2 2 

Na20-Al203-4Si02 2 2 4 

Na20-Al203-6Si02 2 2 6 

Lead Number of Atoms in Lead/KaoUnite i'roduct Species 

Meta-Kaolinite 2 2 
PbO-SiO 1 — 1 

Pb0-Si02 I — 1 
2Pb0Si04 2 — 1 
4Pb0-Si02 4 — 1 
Pb0-Al203 1 2 — 

" 4Pb0-Al203-28102 4 2 2 

6Pb0Al203-6Si02 6 2 6 

" 8Pb0-Al203-4Si02 8 2 4 

a. This is a product probably only formed at temperatures higher than investigated in 
this work. 

b. These products are unstable as liquids and break down to form aluminates and 
silicates [16]. 
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The other important point illustrated in Table 1.2 is that the possible lead 

aluminosilicate products contain more lead than alumina or silica. Hence, the sorbent 

utilization limit for lead capture could be much greater than that based on the product 

proposed from bench scale investigations [20, 21, 22], Pb0-Al203-2Si02. In addition, the 

meta-kaolinite crystal must undergo significant expansion in order to accommodate the 

addition of the large amount of lead. A fairly ordered crystalline meta-kaolinite platelet 

would probably limit the capture of lead. Hence, significant crystal and platelet 

restructuring, such as occurs through melting, will increase the rate of lead capture and 

increase sorbent utilization. 

The lead aluminosilicate products, listed in Table 1.2, melt at all temperatures 

investigated in this work and at some of the temperatures of the bench scale 

investigations, discussed in this chapter. Meta-kaolinite has a higher melting temperature 

than most of these products. However, small quantities of scavenged metal can act as 

network modifiers to cause melting of the meta-kaolinite crystal structures at lower 

temperatures. The initial metal/kaoUnite products formed may create a eutectic with the 

remaining meta-kaolinite crystal structure to cause melting of the entire matrix at much 

lower temperatures than the meta-kaolinite crystal structure melting point. 'Eutectic' was 

derived from the Greek words meaning 'easily melted'. There is a specific eutectic 

composition and temperature for every eutectic pair. Even approaching the eutectic 

composition however, can reduce the melting point significantly. In addition to 

enhancing the capture of metal by kaolinite, eutectic melting has been credited for 

enhancing the capture of cadmium by hydrated lime [23]. 
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1.5 Hydrated Lime Structure and Transformations 

Quicklime (CaO) is the product of limestone calcination. Hydrated lime, or 

slaked lime, is a product of the reaction of limestone (CaCOs) or quicklime with, water. 

The hydrated lime sorbent used in this work is a white powder composed of micro-

crystalline agglomerates of calcium hydroxide, where the crystal structure has hexagonal 

symmetry. In general, hydrated lime (Ca(OH)2) is more reactive than limestone because 

of the slit shaped pores formed during the calcination of hydrated lime, whereas 

calcination of limestone is more likely to produce smaller cylindrical pores [24]. As with 

kaolinite, the calcination of hydrated lime was extremely fast at the high heating rates and 

temperatures imposed by the fiimace and sorbent injection system in this work [25, 26]. 

A direct relationship exists between the internal surface area of calcined hydrated lime 

particles and the rate of calcination [27]. An opposing mechanism, high temperature 

sintering, rapidly reduces surface area [28, 29, 30]. With two such competing 

mechanisms, high heating rates, fast metal capture reaction rates, and short residence 

times all favor a maximum available surface area during metal scavenging. 

1.6 Method for Mitigating Metal Aerosol Emissions with Sorbents 

According to Lisk [31], incinerators equipped with modem pollution control 

devices (electrostatic precipitators or fabric filters, dry scrubbers, and spray dryers) 

minimize airborne and total emissions of toxic metals when operated at optimum 

temperatures with sufficient oxygen, turbulence, and residence time for completed 

combustion. However, elimination of airborne toxic metal emissions was not possible, 

even for these operating conditions in conjunction with modem pollution control devices 
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[31]. Furthermore, even to accommodate this imperfect level of control, retrofit costs 

would be excessive for much of the industry. 

A much more effective, and possibly more economically feasible, method of 

mitigating toxic metal aerosol emissions is to inject a supermicron sized reactive powder 

sorbent directly into the combustion zone of industrial boilers and incinerators. As 

shown in Fig. 1.1, the most significant impediment to toxic metal control is the formation 

of submicron aerosols and non-condensing vapor, which escapes the particulate control 

devices. A reactive supermicron sized powder sorbent could capture metal vapor in the 

fiomace to form potentially non-toxic product particles that are easily captured by an 

electrostatic precipitator or baghouse. However, dry scrubbers and spray dryers would 

not necessarily be needed. Gullet and Ragnunathan [32] showed that furnace injection of 

hydrated lime, limestone, and kaolinite successfully mitigated coal-based emissions of 

arsenic, cadmium, and lead. 

While, capturing the metal vapor and metal/sorbent product particles is the first 

step to solving the problem, the leachability of collected ash and metal/sorbent product 

particles must also be addressed to ensure that ash and product particles deposited in 

landfills do not leach into the groundwater. A significant fraction of the metal/sorbent 

products formed in this work were foimd to be insoluble in water. However, it is 

anticipated that a fraction of the metal/sorbent product particles formed, regardless of the 

sorbent type, will be soluble in water. Therefore, ash and metal/sorbent product particle 

processing and disposal must be anticipated accordingly. 
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1.7 Bench Scale Work 

Bench Scale refers to small-scale experiments, the apparatus of which is small 

enough to fit on a bench. Bench scale experiments are often performed at relatively low 

temperatures and residence times compared with actual industrial processes. 

Temperatures are typically 1000 °C or less and residence times range from minutes to 

hours. In addition, rather than entrained flow particle laden gas environments of 

industrial systems, bench scale experiments are often performed with a fixed sample (i.e., 

a sorbent pile or slab) such as in a thermogravimetric analyzer (TGA). Sample sizes are 

typically in the range of milligrams. 

Low temperature (400 to 700 °C) capture of selenium by hydrated lime has been 

shown to form products, which are unstable at higher temperatures (800 to 1000 °C) [33]. 

Owens and Biswas [34] demonstrated that in-situ generated silica particles could 

reactively capture lead vapor and form much larger particles than were formed by lead 

alone. Uberoi, Punjak, and Shadman [35, 36] found that sodium (from NaCl in the gas 

phase) was effectively scavenged by emathlite, bauxite, and kaolinite at 750, 800, and 

875 °C. Reaction with either kaolinite or bauxite formed nephelite and camegiete 

(Na20-Al203-2Si02), while reaction with emathlite formed albite (Na20-Al203-6Si02). 

They also mentioned that the nephelite product would have a melting temperature of 

1600 °C in combustion environments [35, 36]. This obviously did not consider the 

possibility of forming a eutectic between the reaction product and unreacted sorbent 

material. In addition, they found that chlorine was not retained in the products, except for 
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a small amount in the bauxite product, an indication that NaCl was not the reactive 

species [35, 36]. 

Uberoi and Shadman [20, 21] found that silica, alumina, kaolinite, bauxite, 

emathlite, and limestone were all capable of capturing lead, while limestone was the least 

effective and kaolinite was the most effective. The overall lead/kaolinite reaction was 

enhanced when melting of the kaolinite sorbent surface layer occurred. In addition, the 

limestone reaction product was almost entirely soluble, while the kaolinite reaction 

product was predominandy insoluble in water. Uberoi and Shadman [21, 22] found that 

the same set of sorbents were able to capture cadmium. However, kaolinite was not as 

effective at capturing cadmium, while alumina and bauxite were ver>' effective and 

formed insoluble cadmium products. The product of the cadmium/kaolinite reaction was 

Cd0-Al2O3-2SiO2, and did not melt [21, 22]. None of the cadmium/sorbent reaction 

products showed any signs of melting. Again, the limestone product was almost entirely 

water-soluble. 

The work of Chen et. al. [37] corroborates with the previously discussed findings, 

showing that kaolinite, alumina, and bauxite can effectively capture copper and 

chromium at temperatures between 700 and 800 °C, in addition to lead and cadmium. 

Wu et. al. [38] performed one of the few multi-metal investigations available. 

From bulk sample, long residence time, bench scale experiments on kaolinite and 

kaolinite/CaO sorbent, they foimd that sorbent melting, caused by lead reaction with 

kaolinite, enhanced sodium capture. However, they found that a NaCl melt reaction 

inhibited KCl capture, possibly due to pore plugging [38]. Since these were bench scale 
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experiments, the pore plugging involved transport resistance through a fixed bed of 

sorbent, which is not applicable to the less hindered transport phenomena involved in 

disperse phase experiments, as is the case in laboratory scale furnaces. 

1.8 Laboratory Scale Work 

Laboratory Scale refers to experiments that are performed using experimental 

apparatus designed to simulate temperatures, residence times, and combustion gas 

environments similar to industrial processes, while maintaining the control and 

diagnostics necessary to perform meaningful research economically, hi this work, the 

temperatures, residence times, and entrained flow particle laden gas environments were 

similar to industrial boilers and incinerators. A good example of a laboratory scale 

fiimace is the downflow furnace used to conduct all experiments in this work (see 

Chapter 2). 

Scotto et. al. [39] showed that lead could be captured by kaolinite at a sorbent 

injection temperature of 1300 °C. The product particle morphologies exhibited evidence 

of melting in the furnace. The presence of chlorine reduced the capture of lead, 

indicating that lead oxide, not lead chloride, was the reactive species [39]. Linak et. al. 

[23] showed that cadmium, as well as lead, could be effectively captured by kaolinite and 

bauxite at a sorbent injection temperature of 1300 °C. Kaolinite product particles, formed 

with either lead or cadmium, exhibited evidence of significant melting. The 

bauxite/cadmium product did not show evidenced of melting, although significant 

capture had occurred. Again, the presence of chlorine (1000 ppmv) reduced the firaction 

of scavenged cadmium and lead. Hydrated lime was also found to be effective at 
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capturing cadmium, which fomied melted particles. This is the first paper, which begins 

to discuss the possibility of eutectic melts formed between the metal/sorbent product and 

the unreacted product [23]. This melt was cited as one of the possible reasons why the 

capture of cadmium by hydrated lime, at this high temperature condition, was much 

greater than in the bench scale work. In contrast to kaolinite, the reaction of cadmium 

with hydrated lime was slightly enhanced by the presence of chlorine. 

Linak et. al. [23] also showed that kaolinite was effective at scavenging labile 

nickel that had been kept in the vapor phase by the presence of chlorine. Again, evidence 

of melting was observed in the collected product particles. They also observed that the 

primary influence of chlorine on the reaction of metals with kaolinite was to reduce the 

concentration of reactive metal species by forming metal chlorides. The reactive metal 

species with kaolinite are oxides [23] and in the case of sodium [40], hydroxide. 

However, even in the presence of 1000 to 2000 ppm of chlorine in the furnace, there is a 

small but significant equilibrium concentration of the oxide, which can react with the 

sorbent. As the reactive metal species is captured by sorbent, the thermodynamic driving 

force replenishes the reactive metal species by reducing the amount of metal chloride, so 

the main effect of chlorine is to slow the rate of reaction and extend the residence time 

for complete capture of the metal. This phenomenon was shown to occur for both lead 

[23] and sodium [41]. 

Work by Amos [42] indicates that kaolinite, hydrated lime, and various types of 

mixtures of these two sorbents might be able to scavenge radioactive cesium and 

strontium from low level and transuranic waste incinerators. The development of this 
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technology is applicable to the United States Department of Energy complex, currently 

storing waste containing only trace amounts of radioactive nuclides, which await 

processing and final disposal. Alternative technologies are being considered to deal with 

some of the remaining radioactive waste material. The most effective, safe, and 

economical of these methods is to use incineration coupled with sorbent injection to 

capture all of the vaporized radioactive material for environmentally benign disposal. 

The fate of trace sodium during combustion is important for three reasons. First, 

sodium released during pulverized coal combustion has been associated with hard bonded 

deposits on convection heat transfer surfaces in boilers. Second, the presence of sodium 

vapor in hot flue gases from coal combustion or coal gasification systems constitutes a 

major impediment to the development of combined cycle systems. Sodium is not easily 

removed at high temperatures and tends to condense on cooler turbine blades 

downstream. Thirdly, since sodium is often present in excess compared to toxic metals in 

boilers and incinerators, competitive, inhibiting, or enhancing effects of sodium on the 

scavenging of toxic metals is extremely important to the practical application of this 

technology. 

A fair amount of work on sodium scavenging has been performed in the past. 

Klinzing [43] as well as Lindner et. al. [44] examined sodium capture characteristics of 

various sorbents. The effect of additives on downstream fouling [45, 46, 47] and alkali 

induced agglomeration of sorbents [48] were also investigated. 

Mwabe and Wendt [41] made one of the first attempts to quantify the fraction of 

trace metal scavenged by sorbent from combustion gases. In addition to showing that 



34 

chlorine decreases the concentration of reactant sodium species as discussed above, they 

found that sulfur reduces sorbent effectiveness due to the higher dewpoint of the sodium 

sulfate condensate, with the consequent reduction in the gas-phase residence time 

available for scavenging [41]. It was shown however, that kaolinite was effective at 

scavenging sodium with or without the presence of chlorine and/or sulfur dioxide. The 

rates obtained for the capture of sodium by kaolinite were based on insoluble products 

only, and a maximum sorbent utilization of only 50% was claimed. 

The work of Davis et. al. [49] provided insight toward an alternative quantitative 

metal capture method, where sampling could take place above the metal dewpoints, using 

a rapid dilution nitrogen-quench to stop any further reaction. Based on this work, a size 

fractionation method for quantifying in-fumace metal-capture by sorbent was 

demonstrated by Davis and Wendt [50]. Unlike the method used by Mwabe and Wendt 

[41], this method does not use water-solubility to separate reactively captured and 

uncaptured metal. Sampling above the dewpoint with a sufficient nitrogen dilution 

quench allows distinction between captured metal on the supermicron sized sorbent 

particles fi-om uncaptured metal, which homogeneously nucleates and coagulates to form 

a submicron aerosol [49]. Chapter 3 of this work endeavors to detail the development 

and validation of this method, document the most common sources of error, and compare 

and contrast this method with solubility methods. 

Davis and Wendt [51] used a size fractionation method [50], similar to that 

described in Chapter 3 of this work, to quantify the capture of lead by kaolinite, rather 

than a method based on solubility. They found that lead was effectively captured by 
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kaolinite but exhibited a negative activation energy in the temperature range of 1000 to 

1300 °C. This odd phenomenon was attributed to catastrophic melting and pore closure 

with increasing temperature. Melting occurred at both the low and high temperature 

conditions. Enhancement of lead capture, by increasing sorbent availability, was sited as 

a result of the melting of the platelets that compose the kaolinite and meta-kaolinite 

particles [51]. The "catastrophic" melt occurred when melting became so significant that 

the meso-pore gaps between the kaolinite platelets were filled in with melted material, 

and solid non-porous spheres were formed. At all temperatures however, kaolinite was 

effective at captiuring lead. The inhibiting effects of chlorine were again observed. Davis 

[52] also found that lead was not well scavenged by hydrated lime at any temperature in 

the range given above. 

Qualitative results from the initial stages of the present investigation [53] 

attempted to provide insight into competition for sodium and toxic metals capture on 

sorbents. However, further examination of the qualitative data [54] and the quantitative 

results presented in this work have provided a new level of understanding of these multi-

metal interactions. 

The amount of quantitative work on the scavenging of metals by sorbents has 

been limited to the work of the two investigations previously discussed [41, 51]. Except 

for the bench scale work of Wu et. al. [38], essentially no multi-metal work is available in 

the literature. Single-metal/sorbent scavenging kinetics alone may not describe the 

capture rates of metal in actual industrial furnaces and waste incinerators where more 

than one trace metal is present. The objective of the current work was to investigate 
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quantitative scavenging of multi-metal systems by various sorbents. Particularly, 

kaolinite, hydrated lime, and CDEM sorbent (produced from a papermill waste product) 

were investigated. Kaolinite and hydrated lime are two inexpensive and commonly 

available sorbents that have shown promise in bench-scale and qualitative laboratory 

scale investigations. CDEM sorbent is essentially a process composite of kaolinite and 

calcium carbonate. Since the CDEM sorbent is a kaolin and calcium based material, it 

was easily compared to the kaolinite and hydrated lime sorbents. 

In order to effectively determine multi-metal interactions important in the 

scavenging of metal from high temperature incineration gases, an appropriate 

quantification method for determining the fraction of metal reactively captured by 

sorbent fi-om a high temperature combustion environment was developed and validated. 

In addition, the correct model, capture rates, and sorbent utilization limit for the 

sodium/kaolinite system was established, and models, capture rates, and sorbent 

utilization limits for the cadmium/kaolinite and cadmium/hydrated lime systems were 

obtained. 

As will be shown, the multi-metal interactions involved in the reactive capture of 

metal by kaolinite from the bimetal systems of lead/cadmium, lead/sodium, and 

cadmium/sodium were determined from the present investigation. Two multi-metal 

interaction models were developed in an effort to help elucidate these interactions. Also, 

the multi-metal interactions involved in the capture of metal by CDEM sorbent from the 

bimetal system of lead and cadmium were determined. 
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CHAPTER 2 

EXPERIMENTAL 

2.1 Furnace Development 

The design of the downflow furnace used to perform experiments in this work 

was the latest iteration of furnace designs that have been used at the University of 

Arizona for many years. Previous furnace designs introduced significant error in metal 

recoveries [54]. Building upon information obtained firom operation of the furnace 

constructed with previous designs, improvements in the design and materials of 

construction have been made. Improvements to the refractory section of the furnace have 

been made by using a less insulating, but anti-slagging refractory material (HPM-95 by 

Thermal Ceramics Inc.) of greater thickness, with a new support structure. The new 

support structure not only provided the strength necessary to hold up the heavier 

refractory section, it also provided direct rigid support without warping, which has been 

damaging to the refractory in the past. This rigid support structure was displaced from 

the high furnace temperatures by insulating ceramic blocks of high compressive-strength 

(Refractory Sheet 100 coil post by ZIRCAR Products Inc.), upon which the refractory 

section rested. Special insulating blanket (Cerachem blanket by Thermal Ceramics Inc.) 

was used to wrap the refractory section, because it was more durable and could handle 

higher temperatures than the conventional furnace blanket (Kaowool blanket by Thermal 

Ceramics Inc.). For an approximate description of the orientation of the different 

components of the support structure relative to the furnace refractory, insulation, and 
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vacuum formed alumina cylinders that form the lower furnace section, turn to Amos [42] 

and Davis [52]. 

While the same support structure was used in the present furnace as that for the 

previous furnace construction, there was one major difference in the refractory section. 

The main refractory section [42, 52] of the previous furnace was cast in one massive 

section, while the main refractory section of the present furnace was cast in four separate 

sections. Both the just-previous and current furnaces incorporated a separately cast cap, 

made of a higher insulating refractory than the main section. The cap design was an 

improvement over the furnace design of several past furnace designs in allowing flame 

visibility and relatively easy replacement of the small lightweight cap section, which was 

more susceptible to thermal cracking, followed by compressive crushing, than the main 

refractory section. Casting the main refractory section in one solid piece proved to 

contribute to the initiation and then propagation of thermal stress cracks through the 

entire refractory section, since the nature of the furnace design provides for uneven heat-

up of the refractory. The sectioned-cast design should be more resistant to thermal 

cracking and crack propagation, although it is not possible to completely eliminate this 

process. 

The furnace construction of several past designs incorporated an elaborate bumer-

plate rigid structural support, which prevented movement between the burner, furnace 

frame, and refractory section. The support at the bottom of the refractory section was a 

wide and flat steel plate with a large center hole. The entire refractory section was made 

of insulating refractory, which is less structurally sound than HPM-95, used in the present 
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furnace. The thickness of the refiractory wall was only about 2 inches, except at the 

bottom where a large foot had been formed to allow low temperature contact with the 

lower support section. A schematic of the entire upper furnace module of this previous 

furnace design, including the upper and lower support structures, has been published (see 

page 48 of [55]). The lower support structure would warp during heating, contributing to 

the crushing of the refiractory section compressed between the upper and lower supports. 

Refiractory of any type expands during heating. The lower support structure of the 

present furnace [42, 52], would not give or warp, thus protecting the integrity of the 

delicate fibrous insulting cylinders comprising the lower part of the fiimace and 

protecting the seal between the lower and upper parts of the furnace. 

The present upper furnace structure provided a semi-floating support that 

concentrated most of the force around the burner plate and kept the burner plate flat 

against the gasket (a one inch thick layer of Cerachem blanket) and the top of the 

refractory cap (see Fig. 2.1). As shown, this burner support structure was mounted to the 

furnace fi-ame by two horizontally mounted lengths of angle iron that bowed with 

expansion of the refiractory section, thus limiting the total compressive force on the 

refractory section or cap to less than 2000 pounds. The burner plate seal was the most 

difficult problem of the fiimace design, because it involved sealing a metal burner plate 

and water-cooled burner to the hottest part of the furnace. The burner plate and 

refractory cap were also where the most intrusion was necessary (peepers, optical ports, 

etc.), and the best seal was desired and necessary for safety. The current design was 

actually a compromise, where the insulating gasket used was not capable of completely 
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sealing the gap between the burner plate and refractory. However, essentially any gas 

environment condition could be obtained by adjusting the draft fan and air flow rates to 

obtain the desired amount of leakage into the fumace, usually based on oxygen 

concentration. 

2.2 In-Furnace Metal Losses — Condensation 

Extremely low metal recoveries were obtained in the fumace constructed just 

previous to the present furnace. This fumace used the anti-slagging refiractory, HPM-95, 

and vacutun formed alumina insulating cylinders below the refractory section. A number 

of experiments were performed to ascertain the source of the metal losses. Slow moving 

recirculation eddies were observed around the burner and in the side ports of the fumace. 

During the injection of metals into the fiimace, significant metal deposit layers develop 

on the water-cooled burner, in the side ports, and on port site glasses. Metal recoveries 

were very low (40% or less) even when sampling directly below the bumer and metal 

injector. However, the recoveries were the worst for cadmium. It was determined that 

significant condensation of metal occurred onto the exposed surfaces of the water-cooled 

burner and in the side ports, transported by bulk gas diffusion and laminar eddies down 

the ports to a location where the temperature was low enough for the metal to condense. 

Significant condensation of metal onto the water-cooled sorbent injection probe was also 

observed. This condensation became significantly worse, the closer the sampling probe 

was to the bumer. The loss of metal was different for each metal type, undoubtedly a 

function of the difflisivities and vapor pressures of the different metals. It was 

determined that for any metal, with the sorbent injection probe inserted in port 4 of the 
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fiiraace, that at least 60% of the injected metal would be lost to condensation on the 

burner, in the ports, and on the sampling probe. This condensation problem existed for 

the present fiimace design as well. 

2.3 Metal Scavenging by Furnace Walls 

In addition to condensation losses, metals were found to react with the furnace 

wall material. As long as metal and sorbent loss in the furnace was consistent and 

occurred before the sorbent injection probe, it ought not affect the experimental 

objectives, which are concerned with what happens between the sorbent injection probe 

and the sampling probe. Hence, the need to determine the concentration of metal by the 

amount sampled in the impactor and not on injected amounts. 

While loss of cadmium through condensation on cool furnace surfaces was 

significant, condensation loss could not account for the dramatically poor cadmium 

recoveries observed, less than 1% in some cases. Since the flow in the furnace was 

laminar, gas diffusion times must have played a significant role in any relevant metal loss 

mechanisms to the furnace walls. In order to determine the relevance of the gas diffusion 

rate, the furnace was modeled as laminar flow through an infinite cylinder with an initial 

concentration of 100 ppmv of metal vapor at 1500 °C constant gas and wall temperature. 

The walls were considered to be infinite metal vapor syncs. Hence, the boundary 

conditions were zero metal concentration at the walls, and the flux of metal at the center 

of the cylinder was zero. The density and bulk difflisivity were assumed constant. 

Solving the resultant partial differential equation with boundary conditions is analogous 

to solving the Graetz equation, and was solved similar thereto [56], with the 
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eigenflinctions and respective constants obtained from Brown [57]. The bulk diffiisivity 

was chosen as 2.0 cm^/s [41], the inside diameter of the furnace was 6 inches, and the 

flow through the furnace was 430 SLPM. The concentration profile obtained from 

solving this problem is shown in Fig. 2.2. As shown, less than half a meter was 

necessary for the furnace metal concentration to drop to ten percent of its original value. 

Clearly, transport limitations did not significantly limit the uptake of metal by the furnace 

walls. 

2.4 Furnace Wall Material Selection 

Furnace concentration profiles were obtained via matched impactor sample sets to 

determine the percentage of cadmium lost to the walls, from the sorbent injection port to 

the sampling port. 'Matched impactor sample sets' refers to two samples taken under 

precisely the same furnace conditions using two essentially identical impactors, one 

sample right after the other at different sampling points. As illustrated in Fig. 2.3, 

approximately 60% of the in-flimace cadmium was lost to the walls of the furnace, while 

the loss of lead was much less. Sodium also had similar recoveries as did lead. All three 

metals were taken-up by the fiimace walls to some extent, but it only significantly 

affected quantitative scavenging measurements in the case of cadmium. 

The furnace wall, below the refractor^' section, was made of vacuum-formed 

fibrous alumina cylinders with a fairly open porosity, and hence, contained a vast internal 

surface area. Both the refractory section, which was also alumina based, as well as the 

lower furnace wall, detrimentally scavenged cadmium. The greater rate of metal loss on 

the refractory wall section (as opposed to the fibrous wall section), illustrated by Fig. 2.3, 



44 

CD 60 

8 50 
o 
O 40 

22 30 

0.00 0.25 1.00 1.25 0.50 0.75 

Distance (m) 

Figure 2.2. Calculated fiimace metal concentration profile based on gas difilision rates in 
laminar flow, with the walls of the fiimace acting as an infinite metal absorption sync. 

Injection Conditions: 100 ppmv of Lead and Cadmium in Fumace. 

Refractory 
Section 

50 

45 

40 

35 

g 30 

25 0) 25 
o 

20 20 

15 

10 

5 

0 

\ 
\ 

Zircar Section 

Pb 
Cd 

1 I I I I I 
1 8 10 2 3 4 5 6 7 

Distance From Burner (feet) 
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was consistent with the higher metal concentratiorLS and temperature in this section. 

Metal capture by alumina has been qualitatively in-vestigated in bench scale furnaces. 

The difference in furnace wall interference for cadmiium and lead was not predicted by 

these bench scale experiments, which indicated thaat alumina was similarly effective at 

capturing cadmium and lead [21]. 

Numerous materials were considered for reB)lacement of the vacuum-formed 

alumina and the refractory section. It was observed earlier in this work that silica carbide 

ZYP coatings (ZYP Coatings, Inc.) were not structmirally sound when used on the fibrous 

insulating cylinders. However, similar coatings hacd been used on refractory sections in 

the past with success. Cast silicon carbide walls were also an option, as well as other 

types of ceramic cast material. Matched impactor t»ests on a small furnace, which had a 

silicon carbide wall, showed that SiC would not scaevenge cadmium or lead appreciably. 

Becker [58] provided a description of this furnace. However, silicon carbide has several 

significant drawbacks. SiC tends to react with alkaEi and chlorine to form a new 

compound that melts at temperatures as low as 500 ®C. In the absence of such a 

transformation, cast SiC is rated to endure temperatiures as high as 1600 °C even in 

oxidizing environments. It was determined to use SSiC ZYP coating (SC-1400) with the 

HPM-95 refractory. Potentially, the refractory coulad provide the structural support 

necessary for the coating to endure. 

For the lower section of the furnace, a numb»er of coatings had been tested without 

success, so wall replacement was necessary. As the result of an exhaustive exploration of 

wall material and structural alternatives, a solution v^^as determined. The wall was 
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replaced with a similar Zircar product to the vacuum formed alumina cylinders used for 

the old furnace, vacuum formed Yttria stabilized zirconia (ZvOi-YiOs) cylinders (see 

section 2.5). While it had not been tested, it was believed that zirconia would not react as 

vigorously with cadmium or lead as did the alumina cylinders. The weight, shape, 

machinability, thermal-conductivity, heat capacity, and texture of the two types of 

cylinders were essentially identical. The observable differences were that the zirconia 

cylinders were slightly darker and when machined appeared to be more rigid and less 

fibrous than the alumina cylinders. The external surface of the yttria stabilized zirconia 

cylinders was less porous than the alumina cylinders, making them likely to be less 

reactive. However, the total porosity in both types of cylinders was obviously significant, 

to produce the highly insulating properties of each. Only the inner cylinders of the 

furnace wall were made of this material. Each of these cylinders had dimensions of 1' 

tall, 6" ID, and 7" OD. These inner cylinders were stagger-fit inside of vacuum formed 

alumina cylinders, to provide a tight seal. The alumina cylinders were then wrapped with 

kaowool blanket. The external surface temperature of the insulating vacuum-formed 

cylinders was much cooler than the refractory external surface temperature. 

The concentration profiles of lead and cadmium in the present furnace, with SiC 

coated refractory and zirconia insulating cylinders below, are shown in Fig. 2.4, obtained 

from matched impactor sets. As shown, the present furnace construction had a much 

lower propensity to scavenge cadmium than the previous construction (see Fig. 2.3). In 

addition, the lead and cadmium concentration profiles are similar, 8ind recoveries for lead, 

cadmium, and sodium were similar. 
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Possible loss of sorbent to the furnace wall was also of concern, although the 

mechanism was unrelated to those responsible for metal loss. Hence, sorbent loss by 

settling to the wall of the furnace was examined. Figure 2.5 contains a furnace sorbent 

concentration profile for kaolinite obtained from matched impactor sets. As shown, the 

loss of sorbent (by settling) to the furnace wall was less than 10% of the total furnace 

sorbent concentration. 

2.5 Downflow Furnace 

The downflow furnace, a 6m tall, 0.15m ID, vertical combustor, was operated at 

18 kW load, and is shown in Fig. 2.6. Figure 2.7 contains a schematic of the four 

sections of the furnace refractory. The sections were designed to eliminate, as much as 

possible, stress points due to geometry. For example, the bottom foot is one piece, 

eliminating the natural stress point from a cast comer in the refractory. Also, the ports 

were formed by joining the half cylinders of each section one on top of the other, instead 

of having complete cylinders cast into a single refractory section, which would create 

undo stresses. Destructible wooden molds were assembled and machined on a lathe 

before casting. After allowing the poured molds to set for 48 hours, the molds were 

baked in an oven for 24 hours at approximately 120 °C. Baking, even at this low 

temperature, significantly strengthens the cast refractory against the formation of hairline 

cracks and causes the wooden mold pieces to shrink in the forms for easier removal. 

However, the piecewise construction of these wooden mold pieces was absolutely 

essential to the success of the casting. Otherwise, the force or machining necessary to 

remove these pieces would have destroyed the cast refractory sections. Following 
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Figure 2.7. Latest design iteration of the fiimace refractory section. 
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removal from the molds, the refractory sections were baked in the oven for another 24 

hours, then baked again for another 24 hours following the application of SiC ZYP 

coating on internal fiimace refractory surfaces. 

Finally, the refractory sections were assembled on top of the support structure. 

The lower (insulating lightweight cylinders) furnace section, of necessity, was 

constructed first. Then the base of die refractory was delicately placed on top of the four 

high compressive strength ceramic blocks, separated by fiberfrax high temperature gasket 

material, which in turn rested on top of the stainless steel support structure. The lower 

section of the furnace was trimmed to exactly the height necessary to fit snugly against 

the base of the refractory. These two sections were sealed by another Zircar product, 

SALI moldable alumina refractory, which in composition is nearly identical to the fibrous 

alumina cylinders of the lower furnace section. Then, the vertical and horizontal gap 

(several inches high and wide) was completely packed with scraps of insulating blanket 

to protect the stainless steal support structure from heat damage. The three remaining 

furnace sections were then stacked one on top of the other, aligning the section 

orientations to form the ports at the desired location with respect to the furnace frame. 

Fiberfrax was again used to provide a seal between each section. Unfortimately, fiberfrax 

material deteriorates over time at the high temperatures experienced in the furnace wall, 

and may need to be replaced if leaks develop between these refractory sections. As 

shown in Figure 2.7, the ports were chamfered in the cast refractory sections, creating 

larger exterior openings. These chamfered openings allowed partial insertion of the 

cylindrical ports (hand-formed from SALI Moldable), followed by filling the gaps and 
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sealing with SALI moldable, providing a much stronger and durable port design than 

previously used-

Aqueous metal acetates were introduced with a plain jet-air blast atomizer 

through the center of a natural gas flame, fired by a premixed burner. A schematic of the 

premixed burner is shown in Fig. 2.8. Previously, the furnace was fired by a variable-

swirl burner. The premixed bumer was designed and constructed with the objective to 

minimize swirling that might contribute to the loss of metal vapor through condensation 

on the relatively cool bumer and upper-port irmer surfaces. In addition, the premixed 

bumer is an advantage over the variable swirl bumer in that it supports a more stable 

flame with a high turndown ratio. 

Lead and cadmium acetate were dissolved into distilled water and delivered to the 

atomizer by a positive displacement pump at a rate of 10 to 20 ml/min. A detailed 

description of the atomizer and delivery system can be found elsewhere [54]. Axial 

centerline measurements of the furnace gas-temperature were made by a bare-wire, 

ceramic shielded, R-type thermocouple. Continuous emission monitors measured CO, 

CO2, O2 , and NOx concentrations in the furnace. 

As shown in Fig. 2.6, the exhaust of the furnace was drawn through a baghouse to 

prevent contamination of the laboratory or emissions into the envirorunent. Teflon fiber 

bags manufactured by GoreTex were used in the baghouse, each allowing a surface air 

velocity of 9 feet per minute. A schematic diagram and more details of the baghouse and 

exhaust system can be fovmd elsewhere [42] 
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2.6 Temperature and Gas Profiles and Metal Dewpoints 

Thermodynamic predictions of lead and cadmium with and without the presence 

of chlorine were performed, described, and illustrated in detail by Davis [52], while the 

same was performed by Mwabe [59] for sodium. Davis [52] showed that most of the 100 

ppmv of lead (inside the furnace) forms lead chlorides in the presence of 1000 ppmv of 

chlorine, and the dewpoint is much lower for the lead chlorides than for lead oxide. This 

was also shown to be true for sodium [59]. On the other hand, there was insufficient 

thermodynamic data for cadmium chlorides to perform a meaningful thermodynamic 

equilibrium comparison of species. Given the detailed thermodynamic equilibrium 

investigations that have been performed for all three metals investigated in this work and 

that there has not been any improvement in the thermodynamic database since these 

works were published a short time ago, they shall not be repeated in this work. As far as 

a thermodynamic equilibrium investigation of multi-metal species is concerned, not only 

does the data lack, but the formation of any such multi-metal equilibrium product is 

extremely unlikely. Thermodynamic equilibrium computations have been performed in 

this work solely to enable the determination of dewpoint temperatures. 

Figure 2.9 shows an average 18 kW load temperature/time profile of the 

downflow furnace, with standard deviation bars from which all data presented here, were 

obtained. The dew points (determined using CEA, a multi-component chemical 

equilibrium code [60]) for 100 ppmv (based on oxide species) of lead, cadmium, and 

sodium were approximately 950 °C, 975 °C, and 975 °C, respectively. In the presence of 

chlorine, the dewpoints are much lower. Metal was injected and sampled at temperatures 
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above the metal species dewpoints. The mathematical relationships, describing the 

temperature/time furnace gas and particle profile, are given in Equs. 2.1 and 2.2 for the 

high and low sorbent injection temperature conditions, respectively. These relationships 

were used for all models in subsequent chapters of this work. 

T = 1537.27-228.9-r 2.1 

T= 1431.76-203.94-r 2.2 

where rchanges from zero to 1.15 s and 0.84 s for the high and low temperature 

conditions, respectively. 

Figure 2.10 gives CO2 and O2 profiles of the downflow fumace for the 

experiments performed in this work, indicating that no leaks existed in the reconstructed 

section of the fumace, where experiments were performed. 

As has been and will be discussed, particularly in Chapter 3, metal vapor 

homogeneously nucleates and coagulates to form a submicron aerosol in the presence of 

a pre-existing particle population (sorbent powder) under the rapid nitrogen-dilution 

quench conditions of the sampling probe. As shown by Davis et. al. [49], condensation 

of metal vapor onto sorbent particles may occur if sampling takes place below the 

dewpoint. However, whether or not condensation on sorbent or homogeneous nucleation 

occurs is a function of the fumace metal concentration, temperature profile, and sorbent 

particle number concentration. There has been evidence of homogeneous nucleation 

inside the fixmace, even in the presence of sorbent particles [54]. An attempt was made 

in this work, following the work of McNallan and Yurek [61], to model the condensation 
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versus nucleation process within the furnace. Unfortunately, the simplistic model used 

[61] was unstable for flimace conditions in this work. In other words, very small changes 

in parameters with high uncertainties would change the results from complete 

condensation to complete nucleation. Ultimately, a model is needed that properly 

describes the flmdamental physical phenomena involved in the condensation and 

nucleation processes. 

2.7 Sorbent Characteristics and Injection System 

Sorbent powders were injected at constant rates between 0.05 and 2.0 g/min 

axially into the combustion gas stream along the centerline of the furnace, approximately 

a meter below the bumer (see Fig. 2.9), using a pneumatic transport system combined 

with a K-Tron KCVKT20 twin-screw feeder. A plot of the PSD for Burgess 40, kaolinite 

powder, is given in Fig. 2.11, and Fig. 2.12 contains its pore size distribution. The PSD 

of the hydrated lime was similar to that of Burgess 40. The pore size distribution for the 

hydrated lime used in this work is shown in Fig. 2.13. Neither the kaolinite nor the 

hydrated lime investigated in this work had any appreciable micro-porosity, measuring 

less than one m^/g by gas adsorption techniques. Table 2.1 lists the sorbents investigated 

in this work, along with their average pore diameter and BET (meso-pore) surface area. 

The contribution of macro-porosity to the kaolinite or flash-calcined meta-kaolinite 

sorbent particles was insignificant. 

The PSD of CDEM (see Fig. 2.14) is much larger than that of either of the other 

sorbents. However, the actual PSD of CDEM in the furnace during experimentation was 

much less, due to sorbent attrition and inertial impaction. Large particles preferentially 
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Figure 2.11. Particle size distribution for kaolinite powder (Burgess 40). Both the actual 
and visual area under the curve represent the mass fraction of sorbent in the respective 
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deposit in the sorbent injection system and the water-cooled sorbent injection probe, with 

a 90° turn at the tip. 

Table 2.1. Sorbent characteristics 

Sorbent Supplier Composition 
Average Pore 
Diam. (nm) 

BET S.A. 
(m^/g) 

Burgess 40 
Kaolinite 

Burgess Pigment 
Company 

Al203-2Si02-2H20 24.0 21.0 

Hydrated Lime Global Stone, Inc. Ca(0H)2 14.5 19.5 

CDEM CDEM Holland 
B. V. 

kaolinite 45% 
CaCOs 33% 
CaO 21% 
Ca(OH)2 1% 

The BET surface area for CDEM sorbent is not given in Table 2.1. However, the 

experiments conducted in this work exhibited no diameter dependence for metal Capture 

on CDEM sorbent (see Chapter 8). In fact, no diameter dependant metal capture was 

observed for all sorbents investigated in this work (see Chapter 3). For this to be the 

case, the internal to external surface area ratio of the sorbent must be much greater than 

one, and pore diffusion limitations must not exist [1, 10]. Therefore, it is reasonable to 

conclude that CDEM sorbent has as significant of a meso-pore surface area as the other 

sorbents. In addition, due to the manufacturing process, CDEM sorbent may have more 

surface area than the other sorbents. On the other hand, much of the kaolinite material is 

already in the meta-kaolinite form, which may make the dehydroxylation process less 

effective at creating intemal void volumes than it might be for Burgess 40 kaolinite or 

hydrated lime. Also, much of the calcium in CDEM is in the calciiom carbonate form. 
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2.8 Particulate Sampling 

Particles were withdrawn isokinetically from the centerline of the furnace by a 

water cooled, ~ 15-to-l nitrogen dilution probe [55]. The sampling rate was obtained by 

measuring the totzil flow through the sampling system with a wet test meter downstream 

of the vacuum pump, then adjusting the nitrogen dilution flow (via a mass flow 

controller) to provide the desired sampling rate. The actual sampling rate was the 

difference between the total flow rate through the sampling system and the nitrogen 

dilution flow rate. The desired sampling rate was chosen based on measured inlet and 

outlet flows to obtain isokinetic sampling, assuming plugged flow in the reactor. Since 

the sampling rate was obtain by the small difference of two relatively large flow rates, the 

actual sampling rate was verified for each run set by doping NOx into the furnace and 

sampling with and without nitrogen dilution. Then, the nitrogen dilution was adjusted so 

that the ratio of NOx with nitrogen dilution to NOx without was the same as the ratio of 

desired sampling rate to total flow through the sampling system. 

2.9 Berner Low Pressure Impactor 

From the sampling probe, samples were drawn through a (see Fig. 2.15 and 2.16) 

Bemer type low pressure impactor (BLPI) [62], consisting of eleven stages with 

aerodynamic 50% cut-off diameters (dso) as shown in Fig. 2.16. The first five plates 

operate at approximately atmospheric pressure; the pressure decreases over the final six 

plates fi:om atmospheric to a final pressure of 16 kPa. Due to difficulties in 

manufacturing orifice diameters less than 0.25 mm and the high velocities necessary to 

obtain 50% cut diameters for particles less than 0.3 jum, the multi-orifice low pressure 
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impactor was designed [62]. The lower pressure reduces the molecular drag on sub-

micron particles. The BLPI allows size segregation of sub-micron particles using similar 

orifice diameters and jet velocities as for larger particles collected at atmospheric 

pressure. The last plate acts as a sonic orifice, regulating the flow through the impactor 

and sampling system to approximately 23 or 24 slpm, depending on the upstream and 

ambient pressures. The outlet pressure of the BLPI was measured to insure the proper 

operation of the sonic orifice. 

2.10 Sample Type and Analysis 

Polycarbonate substrates were mounted to each stage of the BLPI for particle 

collection. Samples on polycarbonate filters were acid digested and analyzed by flame 

ionization atomic absorption analysis for all elements except sodium, which was analyzed 

using flame emission spectroscopy. Prior to use, polycarbonate substrates were spray 

greased with Apeizion type-L grease dissolved in toluene, to reduce particle bounce-off, 

particularly on the lower plates [62]. The sprayed substrates were vacuum desiccated to 

remove the residual toluene. Selected samples taken on either polycarbonate or foil 

substrates were analyzed by Field Emission Scaruiing Electron Microscopy (FE SEM) 

and/or Electron Dispersive Spectroscopy (EDS) after receiving a light gold/palladium or 

platinum coating. Due to the irregular and complex geometries and compositions of the 

metal/sorbent particles involved, no attempt, other than a standard ZAFs correction, was 

used to compensate for particle geometry and composition effects on EDS analysis. 

In addition to the above analytical methods of examining samples, other analytical 

techniques were sought, particularly in an effort to determine the reaction product 



compounds, but with little success. Analytical techniques explored included, raman 

microprobe spectroscopy, differential thermal analysis (DTA), X-ray diffraction XRD, 

Auger electron spectroscopy, and tunneling electron microscopy (TEM). Raman 

spectroscopy may be the method of the ftiture for such analysis, providing simple, 

inexpensive, quick, non-intrusive, and nondestructive determination of product species, 

requiring not more than one micron-sized particle for analysis. At the moment, raman 

microprobe spectroscopy is primarily used for organic analysis, and the use of different 

excitation wavelength sources is just beginning to be explored. The wavelength of the 

infra-red source causes too much florescence and the peaks are overwelmed. A tunable 

source may be used to identify the moving signal and subtract it from the constant signal 

identifying the compounds in the sample. However, the technology is not at that point 

yet. 

Some important information was obtained from XRD. All of the metal/kaolinite 

products were found to be amorphous, which prevented fiirther interpretation via XRD. 

However, it is evidence that the product particles were at least partially melted in the 

furnace and were frozen in that amorphous state upon sampling. 
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CHAPTERS 

CAPTURE QUANTIFICATION AND ERROR ANALYSIS 

3.1 Improvement of Method to Quantify Capture 

In order to understand and model metal/sorbent reaction mechanisms in complex 

combustion environments, it is necessary to obtain reaction kinetics of single-

metal/sorbent systems and to understand the competitive mechanisms involved when 

more than one metal species is present. The fraction of metal captured by sorbent in a 

given experiment must be quantified in order to obtain the experimental detail needed to 

properly investigate these kinetic rates and multi-metal interaction mechanisms. 

One of the first attempts to quantify metal capture by sorbents in high temperature 

combustion environments, was made for sodium capture by kaolinite [27] in a downflow 

furnace similar to the one used in the present work. Mwabe and Wendt [41] used a 

solubility method with an Anderson-Type impactor, that combined size fractionation with 

water solubility tests to distinguish between reacted and non-reacted sodium capture on 

kaolinite particles. They used a 24 hour stationary water leach to separate sodium metal 

aerosol, condensed metal, and soluble sodium silicates firom insoluble sodium 

aluminosilicate products and unused or deactivated kaolinite sorbent. Metal collected on 

plate 8 and the afterfilter of the Anderson impactor was, by size fractionation, assumed to 

be homogeneously nucleated and condensed metal aerosol. The experimental percent of 

sodium capture by kaolinite was obtained by dividing the moles of captured insoluble 

sodium/sorbent product by the total moles of sodium captured in the Anderson impactor. 

This solubility method was based on the assumption that most of the reacted sodium 
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formed insoluble products, while condensed sodium was water soluble. The objective of 

the work was to quantify reactively captured sodium only. 

A recent work by Davis et al. [49] considers the temporal evolution of the size 

segregated composition of multiple, heavy metal aerosols in a combustion envirorunent. 

Particularly, the respective roles of condensation and coagulation were considered in a 

multi-component system. Davis and Coworkers [49] used a downflow furnace similar to 

the one described in this work (see Chapter 2). They simultaneously injected two semi-

volatile metals with similar dewpoints, lead and cadmium, in the downflow flimace. 

Sampling was performed above and below the metal dewpoints using a Bemer low 

pressure impactor (BLPI) in the same manner as described in Chapter 2. They also 

investigated the interaction of a semi-volatile metal (cadmium) with a much higher 

dewpoint metal, nickel. Davis and coworkers [49] used a multi-component aerosol 

simulation code (MAEROS) [63, 64, 65] to predict the relative importance of coagulation 

and condensation in their furnace and compared that with their experimental results. 

Whether in the sampling probe or in the furnace, cadmium and lead, with similar 

dewpoints and number concentrations, interacted primarily through coagulation [49]. 

However, cadmium and nickel did not interact by coagulation because of disparities in 

particle size and number concentrations, and samples taken above the dewpoint, and 

subjected to a rapid nitrogen-dilution quench, formed two distinct particle size 

distributions (PSD), one for cadmium and one for nickel. Samples taken from the 

furnace below the semi-volatile metal dewpoint indicated significant condensation of 
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cadmium on tlie pre-existing nickel particles (in the furnace), rather than nucleation (in 

the sampling probe) of the semivolatile metal (cadmium) [49]. 

For either semivolatile metals with similar dewpoints or semivolatile metals in the 

presence of a pre-existing particle population (e.g., cadmium vapor in the presence of 

nickel particles), theory and experiment agreed that nucleation/coagulation processes 

dominated in the sampling probe under the rapid quencli/dilution condition (> 400 K/s) 

[49]. 

Using aerodynamic size fractionation to quantify capture, negates the necessity to 

use solubility to distinguish between reacted and condensed metal. This is true because 

all of the sampled metal in the sorbent PSD range will have been reactively captured and 

all of the sampled metal with a PSD lower than that of the sorbent will be unreacted 

metal, sampled as vapor. In addition, for the Cd, Pb, and Ni concentrations used in their 

work [49], metal vapor sampled above the dewpoint homogeneously nucleated and 

coagulated to form a submicron aerosol, which did not overlap with the pre-existing 

supermicron size particles. Hence, a rapid dilution-quench and aerodynamic size 

segregation may be used to distinguish between reactively captured metal by sorbent and 

condensed metal in high temperature metal vapor sorbent systems. However, sampling 

must take place above the semivolatile metal dewpoints, and the PSD of the sorbent must 

be in the supermicron size range. 

As discussed above, in-flimace condensation of metal on sorbent particles may be 

avoided by sampling above the metal dewpoints. In order to distinguish between 

reactively captured metal on sorbent and metal sampled as vapor, several factors must be 
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observed. The following factors are important components: (1) rapid dilution/quench 

sampling, (2) the temperature/time furnace profile, (3) the ftimace sorbent and metal 

loadings, (4) the dewpoint of the metals, (5) size segregation of the sampled aerosol, and 

(6) the particle size distribution of the sorbent powder. Each of these factors must be 

present in a specific range in order for reactive capture to be distinguished. However, 

rather than list the range of each factor, this work endeavors to show that for specific 

experimental conditions, consistent with the findings of Davis et. al. [49], reactive 

capture can be distinguished. In addition, metal and sorbent losses in laboratory scale, 

pilot scale, prototype, and full-size incinerators, make it desirable to base equivalence 

ratios on the amount of metal and sorbent collected in the impactor, rather than on 

injected amounts. 

3.2 Size Fractionation Method 

Based on the findings of Davis et. al. [49], a new method for quantifying the 

firaction of metal reactively captured by sorbent in a high temperature combustion 

environment has been developed by Davis and Wendt [50], using aerodynamic size 

firactionation via low pressure impactor sample sets. Davis and Wendt [50] demonstrated 

this method for the capture of cadmium by kaolinite. In the present work, the furnace 

sorbent and metal loading were similar to or less than the nickel particle number 

concentration (used to simulate non-reactive sorbent) and semi-volatile metal 

concentration, respectively, used by Davis et. al. [49]. Also, the sampling rate, quench 

rate, and residence times were similar, and a Bemer Low Pressure Impactor (BLPI) was 

used, of the same design as that used by Davis and coworkers [49]. Figure 3.1 shows an 
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example of results obtained from metal and sorbent particles sampled from the downflow 

fiimace and aerodynamically size segregated and collected in the BLPI. As shown, the 

metal PSD is bimodal, with one mode corresponding to that of the sorbent PSD and the 

other mode formed on the lower plates of the BLPI, completely separated from the upper 

PSD mode. Three different metal curves are shown in Figure 3.1, illustrating that this 

distinct bimodal distribution is obtained for sodium, cadmium, and lead. A sorbent tracer 

curve is provided for reference. As is obviously necessary in order to effectively use the 

size fractionation method (SFM), the PSD of the sorbent powder lies almost entirely in 

the supermicron size range of the upper plates of the impactor. 

Metal injected without sorbent (not illustrated in Fig. 3.1) forms a PSD, which lies 

entirely on the lower five plates of the impactor. Since samples (see Fig. 2.9) were 

collected from the furnace above the metal species dewpoints, the metal collected in the 

upper PSD mode (corresponding to that of the sorbent PSD) was assumed to have been 

reactively captured by the sorbent in the furnace. Pore condensation (Kelvin Effect) was 

not significant due to a lack of micro-porosity (see Fig. 2.10) and sampling significantly 

above the bulk gas metal dewpoints. Hence, the curvature of the pores (in the meso-pore 

size range) was not sufficient to induce pore condensation. Since the sorbent PSD was 

predominantly on the upper plates of the BLPI (plates 6-10), the metal associated with 

the lower PSD mode was assumed to have been sampled from the furnace as metal vapor. 

The lower metal PSD modes formed due to homogeneous nucleation and coagulation in 

the sampling probe. 
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In order to avoid error due to metal and/or sorbent losses on the water-cooled 

probes, to the furnace walls and in the side ports, and upon injection, the sorbent/metal 

equivalence ratios were determined by the total amount of sorbent and metal collected in 

the impactor. The fraction of metal captured was obtained by dividing the total amount 

of metal on plates 6-10 of the BLPI by the total amount of metal collected on plates 1-10 

of the BLPI. When the equivalence ratio is determined by amounts of metal and sorbent 

collected in the impactor, this method of determining the fraction of metal captured is 

equivalent to the method of multiplying the metal/sorbent ratio on plates 6-10 of the 

BLPI by the equivalence ratio. One of the main assumptions behind the use of the 

method described above is that the sampling system efficiency is imbiased with respect to 

the lower and upper particle size distributions (PSD) of the BLPI. 

3.3 Validation of Method 

The sampling efficiency assumption upon which the size fractionation method 

(SFM) rests was examined by comparing the equivalence ratios based on the amount of 

metal and sorbent collected in the BLPI with those based on the amount of metal and 

sorbent injected. In order to obtain comparable data, samples taken with chlorine in the 

flimace were used. Chlorine tends to mitigate the losses of metal in the furnace at the 

atomizer, sorbent probe, ports, and walls by increasing the thermodynamic driving force 

for the metal (then metal-chlorides) to stay in the gas phase. 

Figure 3.2 contains a plot of equivalence ratios based on amount collected versus 

those based on injection for both lead and cadmium species. Data points on the 45° line 

are in perfect agreement. The limited amount of data presented show fairly good 
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agreement between equiveilence ratios based on injection and those based on the amount 

of metal and sorbent captured, despite the fact that the sampling rate varied for these data 

from (1.0 +/- 0.2) to (1.5 +/- 0.2) times the isokinetic sampling rate. The three lead and 

two cadmium stray data points in the top part of Fig. 3.2 are probably due to imcertainties 

and/or fluctuations in the sorbent feed rate. The equivalence ratios based on amount 

collected are generally higher than those based on injection. This is consistent with some 

metal losses at the atomizer, ports, and sorbent injection probe that could not be 

completely mitigated by the addition of chlorine. The results presented in Fig. 3.2 

indicate that the size fractionation method may be used to calculate the percent-capture of 

lead and cadmium, since the efficiency of metal and sorbent sampling from the furnace 

had to be similar in order to obtain similar equivalence ratios between injected and 

captured values. 

Data for sodium (not shown in Fig. 3.2) did not agree well between the respective 

equivalence ratios. Even though the equivalence ratios based on injection remained 

relatively constant, the equivalence ratios based on amount collected varied from those 

on the 45° line to values three times as high. All of the sodium data points were obtained 

from multi-metal systems with either lead or cadmium, the data for which is in Fig. 3.2. 

Therefore, this phenomenon is particular to sodium. The lack of agreement of sodium 

might be explained by either of two phenomena, (1) loss mechanisms in the furnace 

particular to sodium or (2) poor capture efficiency in the BLPI for sodium vapor and 

homogeneously nucleated sodium particles. While (1) and (2) above may explain the 

lack of agreement, the existence of such phenomena is not being asserted. If the latter 
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was true, then the size fractionation method could not be used to calculate the capture of 

sodium by sorbent. 

Figure 3.3 shows the sodium PSD for three of the runs discussed above. The area 

under the curve represents the fraction of metal in the BLPI associated with the respective 

particle size range. As shown in the figure for all three sodium-with-chlorine runs, the 

metal forming the left hump of the bimodal PSD was almost entirely collected before the 

last stage of the impactor, meaning that little sodium metal escaped out the back of the 

impactor. Although, only three curves are shown, the same was observed for all eight 

sodium nms in the presence of chlorine discussed above. Hence, the lack of agreement 

between equivalence ratios for sodium and kaolinite based on injection and on amount 

captured was not due to poor capture efficiency in the BLPI (hypothesis 2 above). 

Particle size distributions for the lead and cadmium data in Fig. 3.2 were similar to those 

for sodium presented in Fig. 3.3. The dotted line in Fig. 3.3 is given as an example of a 

PSD which indicates that some metal may have escaped through the back of the 

impactor. Even for this 10 ppmv case however, it appears that the fraction of metal lost 

was small. 

The relative recoveries (metal species recovery/sorbent recovery) for sodium are 

similar for data taken in the presence of chlorine and without chlorine (0.5 to 0.6). This 

is evidence that the loss mechanisms for sodium at the atomizer, ports, and sorbent 

injection probe were not mitigated by the presence of chlorine, which is probably the 

reason for the lack of agreement between equivalence ratios based on injection and those 

based on capture amounts (hypothesis 1 above). Therefore, based on the shape of the 
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sodium curves (see Fig. 3.3) and the results for cadmium and lead in the presence of 

chlorine (see Fig. 3.2), the SFM is probably valid to calculate the fraction of sodium 

metal captured as well. 

3.4 Repeatability and Error of tlie SFM 

Figure 3.4 contains plots of lead, sodium, and cadmium capture as a function of 

equivalence ratio, obtained via the SFM. As shown, the exponential rise to maximum 

curves used to fit the data have an of 0.95 or better, indicating that the capture 

measurements are consistent and repeatable for a variety of furnace loadings. A more 

detailed discussion of the error associated with these capture measurements is presented 

in section 3.7. The capture of sodium and lead shown in Fig. 3.4 represent nearly 

complete sorbent utilization, especially at low equivalence ratios. Conversely, cadmium 

capture appears to be rate limited. 

For the particular sodium data presented in Fig. 3.4, the percent capture plateaus 

at a capture less than 100%. This artifact shows an extreme result of possible SFM 

errors. These errors will be more prevalent at high equivalence ratios and are due to (1) a 

small tail of the sorbent PSD extending to the lower plates (plate 5 and lower) of the 

BLPI, (2) a small amount of sorbent particle bounce off from the top plates of the BLPI 

to the lower (metal-only) plates, (3) a thermodynamic driving force shift between the gas 

and the walls of the furnace created by complete scavenging of the gas-phase sodium 

from the furnace by sorbent, and (4) inconsistent sorbent feed, creating moments of low 

furnace sorbent concentration and low capture conditions. Errors (1) and (2) above can 
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be conservatively compensated for by using the average metal/sorbent ratio on plates 6-

10 to compensate for sorbent particles collected on plates 1-5 of the BLPI, as follows: 

%Capture = 100%*[M6-io+(M/S)6.io*St.5]/Mi-io, where 

Ms-io = the mass of metal on plates 6-10 of the BLPI, 
(M/S)6-io = the mass ratio of metal to sorbent on plates 6-10 of the BLPI, 
Si-s = the mass of sorbent on plates 1-5 of the BLPI, and 
Mt-io = the mass of metal on plates I-IO of the BLPI. 

This correction is conservative because it has been shown [1, 10] that capture of metal 

vapor on particles has either no diameter dependence or exhibits small particle 

enrichment, depending on the transport and other mechanisms of capture. Hence, this 

correction will not overcompensate. However, it will only be a sufficient correction if the 

ratio of sorbent on the small particle plates to that on the large particle plates, is small. 

Not as easily corrected, error (3) above is a function of the metal-wall interaction, and is 

essentially a materials issue. Error (4) results from difficulty in pneumatically feeding 

sorbent powders. However, the advanced sorbent feed system used in this work mitigates 

much of this error. In addition to the errors discussed above, background readings of 

common metals such as sodium and noise in the flame-AA measurements can be 

significant if the fiimace sampling time and sample quantities are small. 

The sodium data in Fig. 3.4 were shown as an illustration of possible errors that 

can occur while using the SFM. Any of these errors can dominate, depending on the 

conditions of operation. Most importantly, measures can be taken to avoid or 

compensate for all of these errors. All of the sodium data used in this dissertation to 

describe the sodium single-metal and bimetal systems, has been taken in a maimer to 
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avoid and/or compensate for these errors as much as possible. Consequently, these large 

errors were not present. 

3.5 Sampled Particle Size Distributions 

Practical application of the SFM requires two distinguishable metal collection 

modes, one each corresponding to the metal aerosol PSD and the sorbent PSD, 

respectively. This section endeavors to provide a broad sampling of PSDs from which 

the quantitative capture data in this work was obtained. For the characteristics of the 

parent sorbent powders, refer to section 2.3. Representative PSDs for the single-

metal/kaolinite (Burgess 40) systems (Fig. 3.1) and for the multi-metal/kaolinite (Burgess 

40) system in the presence of chlorine (Fig. 3.3) have already been presented. Figure 3.5 

contains PSDs for the three metals investigated in this work, each injected in the furnace 

without any sorbent. Sodium, lead, and cadmium formed submicron aerosols collected 

on the lower plates of the BLPI. Figure 3.6 contains a similar set of PSDs for three 

similar bimetal systems of lead and cadmium, without any sorbent. It is clear that 

without sorbent, the metal forms a submicron PSD even for multi-metal circumstances. 

The PSDs in Fig. 3.6 also provide evidence that the two submicron metal aerosols for 

each bimetal system coagulated to form one indistinguishable mixture of particles. Both 

lead and cadmium have identical PSDs for the given experiment from which they were 

exfracted. The concentration in the furnace for these PSDs was about 20 ppmv. 

Figures 3.7 and 3.8, contain representative PSDs of the bimetal system of Pb/Cd, 

indicating various amounts of capture by kaolinite (Burgess 40). Along with the metal 

PSDs is the corresponding kaolinite sorbent PSD, constructed using aluminum as a 
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sorbent tracer. In Fig. 3.7, each metal PSD is bimodal, with the upper mode 

corresponding to the sorbent PSD and the two metal modes forming separately and 

distinct, one from another. For conditions in the furnace yielding high metal capture 

fractions, there is only a small amount of metal left to form a submicron aerosol by 

homogeneous nucleation, followed by coagulation, in the sampling probe. As a result, 

the size of the metal aerosol is smaller and is collected on lower plates of the impactor, 

perhaps with very small quantities escaping the BLPI entirely. Figure 3.8 gives an 

example of nearly complete capture by kaolinite, for the lead/cadmium bimetal system. 

Figure 3.9 shows PSDs for a low equivalence ratio condition for capture of lead 

and sodium from the Pb/Na/kaolinite bimetal/sorbent system. At low equivalence ratios, 

metal is in excess and extensive sorbent utilization is realized. Perhaps kaolinite 

transformations, induced by the metal/sorbent reactions, contributed to the phenomenon 

that created the interesting bimodal sorbent distribution. Consistent with the findings 

presented later in this work. Fig. 3.9 indicates (assuming that the relative concentrations 

of lead and sodium in the fiimace were similar) that the sodium/kaolinite reaction 

dominates over the capture of lead. 

Figure 3.10 contains PSDs from cadmium capture on hydrated lime, the only 

hydrated lime system significantly investigated in this work. The PSDs appear very 

similar to the cadmium/kaolinite PSDs, other than that the hydrated lime PSD extends to 

slightly lower particle diameters than does the kaolinite. This potential source of error 

was conservatively compensated for as discussed in section 3.4. Figure 3.11 contains 
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Figure 3.9. PSDs from the Na/Cd bimetal system, indicating partial capture by kaolinite. 
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Figure 3.11. PSDs from the Pb/Cd bimetal system, indicating partial capture by CDEM. 
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Figure 3.12. PSDs from a Cd/kaolinite system showing non-distinguishable capture. 
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PSDs for lead and cadmium bimetal capture by CDEM sorbent, illustrating partial 

capture. 

The SFM only works if the concentrations of metal in the furnace are sufficiently 

low to assure the separation of the submicron metal aerosol and supermicron sorbent 

PSD. To illustrate this. Fig. 3.12 contains an attempted Cd/kaolinite system run, where 

the actual concentration of cadmium in the furnace was over 100 ppmv. As shown, only 

one large cadmium metal mode formed in the impactor from coagulated metal aerosol, 

such that the fraction of metal reactively captured by sorbent could not be distinguished 

by the SFM. This phenomenon begins to occur for cadmium when there is more than 40 

ppmv of cadmium actually in the furnace gas flow. 

3.6 Capture Dependence on Sorbent Particle Diameter 

It has been shown that the transport regime of a particular temperature/time 

dependent metal/sorbent system, can be distinguished by the dependence of metal capture 

on sorbent particle diameter [I, 10]. Specifically, no diameter dependence indicates a 

reaction controlled regime within a very porous sorbent particle. If bulk diffusion 

transport controls the reaction, then {\ldp') dependence is observed, and if pore diffusion 

or external surface reaction controls, then (l/c/^) dependence is observed. No diameter 

dependent capture dominated for all experiments on all metal/sorbent systems in this 

investigation. Hence, reaction control within very porous particles was always the mode 

of reaction control for all data presented in this work. 

The size distribution of Burgess 40 kaolinite makes it difficult to make this 

diameter dependence comparison. However, previous investigators have performed this 
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diameter dependence experiment in similar flimaces with essentially identical 

temperature/time profiles for both lead [52] and sodium [59], using a kaolinite with a 

larger PSD (otherwise identical to Burgess 40 used in the present work) that allowed 

easier interpretation of the data. Their investigations [52, 59] showed that diameter 

independent capture dominated for the particle size range of the Burgess 40 PSD, which 

is the kaolinite sorbent used for all experiments in this work. Since cadmium behaves 

similarly to lead in its reaction with kaolinite, but has a slower reaction rate due to less 

self-enhancing melt (see Chapters 4 and 5), its capture was also assumed to be reaction 

controlled within very porous particles. 

Figure 3.13 contains the diameter dependence of cadmium capture on hydrated 

lime, which also exhibits diameter independent capture. The high temperature condition 

may be exhibiting the early stages of transition to a pore diffusion resistance regime, but 

the mechanism is still predominantly reaction controlled, i.e.. Zone I reaction Regime. 

Cadmium and lead capture by CDEM sorbent was also observed to exhibit diameter 

independence. Further discussion of CDEM, including its reaction regime, is reserved 

for Chapter 8. 

3.7 Error Analysis 

Due to the nature of the SFM, it was not possible to obtain true repeats for any of 

the data-points, i.e., the absolute metal and sorbent furnace concentrations were 

determined post-experimentally by the amount collected in the impactor. Hence, 

standard deviations for each data point were not obtainable. However, a simple non

linear regression of the data from each of the respective individual metal systems was 
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performed. Using this non-linear curve fit as a mean, an overall standard deviation for 

metal capture by kaolinite as a function of equivalence ratio for each single-metal system 

was obtained as follows: Lead <J = 7.4 % Capture, Cadmium cr = 10.7 % Capture, and 

Sodium cr = 5.4 % Capture. It is true that these standard deviations measure both scatter 

in the data and the goodness of fit of the non-linear regression. It is also true that the 

actual standard deviation will vary with percent capture. However, this is the best 

statistical approach available for a set of data without any repeats [66]. The curve fit 

inflections were not enough to account for scatter in the data, so the standard deviations 

obtained by this method are conservative estimates. 

These standard deviations are indicative of the statistical relevance of both the 

single-metal and bimetal data, because the sources of measurement error are the same for 

both systems. This is true even though the observed scatter in the bimetal data is greater 

than for the single-metal systems in the two-dimensional plots depicted in this work. The 

bimetal systems are more complicated. The bimetal capture fractions presented in the 

two dimensional plots throughout this dissertation were a function of the relative as well 

as absolute concentrations of each metal in the system, in addition to equivalence ratio. 

Figure 3.14a and 3.14b shows data for single- and multi-metal capture as a 

fimction of equivalence ratio, obtained using the SFM. The error bars represented are 

based on the standard deviations presented above. The plot is somewhat deceiving, 

because the data are three and four dimensional, and the error bars are based on the three 

and four dimensions of scatter. The graphs with error bars are presented as conservative 

representations of the scatter in the capture data with respect to equivalence ratio. Due to 
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the lack of total compatibility and to make the graphs visibly clearer, these error bars are 

not included in the remaining graphs of this dissertation. 

The error associated with sorbent utilization was much less than the error 

presented in Fig. 3.14a and 3.14b, because such error was only associated with the 

precision of the flame-AA measurements of the respective sorbent and metal elements 

involved. Sorbent utilization was only a function of the relative amount of metal and 

sorbent found on the sorbent plates in the BLPI. It was not a flmction of temperature, 

residence time, sampling efficiency, losses in any of the associate systems, physical 

losses of material, error in the SFM, or even error in the measured equivalence ratio. 

Consequently, the error associated with measuring sorbent utilization was less than 2%. 

Errors associated with the EDS analysis were pretty high, especially when 

considering the complex composition and geometries of the sorbent product particles 

investigated. No attempt is made to quantify these errors other than to mention the first 

order sorbent utilization agreement with bulk measurements. The highest sorbent 

utilizations for individual kaolinite particles, measured by EDS analysis of individual 

particles, were approximately 3 times that based on the formation of metal oxide 

aluminosilicate products, which was consistent with the bulk sorbent utilizations 

calculated. Other than this general observation, there was no relationship between the 

morphological and EDS investigation and the kinetic investigation. They were entirely 

independent efforts. 
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3.8 Chapter 3 Summary 

The size fractionation method (SFM) developed previously [50] to calculate the 

percent capture of metal vapor by powder sorbents from high temperature combustion 

envirormients, using low pressure impactor sample sets, has been validated. The percent 

capture is obtained by dividing the amount of metal associated with the sorbent powder 

PSD by the total amount of metal collected in the impactor. In addition, the equivalence 

ratio is determined from the total amount of sorbent and metal found in the impactor. In 

general, the errors associated with this method are minor and can be conservatively 

compensated for. However, significant interference or reaction with the fiimace wall is a 

more difficult problem, and must be solved by choosing a non-reactive wall material. 

The particle size resolution within the impactor is important. It was determined 

that the BLPI has enough but the Anderson Impactor does not have enough resolution to 

use a straight SFM to distinguish betv\,'een homogeneously nucleated and coagulated 

metal aerosol and sorbent powder. Also of importance is the furnace temperature/time 

profile, rapid dilution/quench sampling, and the PSD of the sorbent powder. Sampling of 

the metal/sorbent particle laden gas stream must take place above the metal dewpoint to 

avoid condensation of metal vapor on the sorbent substrate. 

It was also shown that for all metal/sorbent systems investigated, the capture was 

independent of sorbent particle diameter. Hence, for the temperature/time histories and 

sorbent PSDs investigated in this work, the metal capture was controlled by the reaction 

rate of metals with pore-wall surfaces inside very porous sorbent particles, the Zone I 

reaction Regime. 
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A conservative estimate of the overall standard deviation for capture by kaolinite 

as a function of equivalence ratio for each single-metal system was obtained as follows: 

Lead fX = 7.4 % Capture, Cadmium cr = 10.7 % Capture, and Sodium CT = 5.4 % 

Capture. In addition, it was established that the error associated with sorbent utilization 

measurements was less than 2%. 
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CHAPTER 4 

SODIUM CAPTURE ON KAOLINITE 

4.1 Previous Investigation 

As discussed in Chapter 3, Mwabe and Wendt [41] used a solubility method with 

an Anderson-Type impactor, combined with water solubility tests to distinguish between 

reacted and non-reacted sodium capture on kaolinite particles. They used a 24 hour 

stationary water leach to separate sodium metal aerosol, condensed metal, and soluble 

sodium silicates from insoluble sodium aluminosilicate products and imused or 

deactivated kaolinite sorbent. The experimental percent of sodium capture by kaolinite 

was obtained by dividing the moles of captured insoluble sodium/sorbent product by the 

total moles of sodium captured in the Anderson impactor. The main assumptions [41] 

were (1) that the isokinetic sampling attempt was at least representative of the 

gas/particulate composition in the furnace, (2) that losses of metal or sorbent to the 

furnace walls, between sorbent injection and sampling, was not significant, and (3) that 

the kinetics for the formation of interest described insoluble sodium/kaolinite product 

formation. 

Assumption (3) above was primarily based on the belief that the majority of 

soluble sodium was deposited on the sorbent particles by means of condensation, since 

sampling occurred below the sodium dewpoint. The residence time for their [41] work 

was obtained by use of the dewpoint of the metal oxide or hydroxide species. Sodium 

was assumed to nucleate and condense out of the gas phase at the dewpoint of sodium 

hydroxide based on the furnace concentration of sodium upon injection. In addition to 



providing an understanding of the rate of sodium/kaolinite product formation based on 

insoluble sodium aluminosilicates, Mwabe and Wendt [41] also described the effects of 

chlorine and sulfur on the capture of sodium. Probably their most important contribution 

to the present work was to obtain time-resolved kinetics at multiple temperatures across 

the same temperature/time history region examined in this investigation. Albeit their 

focus was on the formation of insoluble products, they did observe that there were no 

peculiarities across the profile. For example, their data was sufficient to show that the 

reaction products were kinetically controlled, not just equilibrium products, and that there 

weren't any saddle-points or unusual dips in the capture response surface of interest. 

Due to these important findings of Mwabe and Wendt [41], and of a related time-

resolved study of the lead/kaolinite system [51], it was not necessary to traverse the same 

tortuous path in determining the time-resolved kinetics for the reactive capture of all 

sodium (soluble and insoluble) for the temperature/time history of this investigation. In 

fact, only one high and one low temperature condition (see Fig. 2.9) were needed to 

obtain the desired kinetics for the single-metal sodium/kaolinite system investigated. As 

will be shown later, the insoluble capture data obtained in this work is in harmony with 

that of Mwabe and Wendt [41]. 

In the present work, significant losses through condensation on the burner, in the 

side access ports, and on the back of the water cooled sorbent injection probe were 

observed, which made the initial concentration of in-flimace gas phase sodium much less 

than that based on injection amounts. In addition, due to scavenging of sodium by 

sorbent powder, the concentration of sodium at the dewpoint, based on injection 
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concentrations, may be only a small fraction of what it was without sorbent. Hence, the 

actual dewpoint may be pushed down several meters past the calculated dewpoint. Even 

if the concentration of metal was such that the dewpoint was where it was purported to 

be, condensation and nucleation would only occur after supersaturation and then only to 

the extent of equilibrium. Therefore, samples were taken above the dewpoint in the 

present work, where a rapid dilution-quench caused any fiirther reaction to cease. 

4.2 Sorbent Utilizarion Limit and Products Formed 

Advances in precise sorbent feeding capability allowed examination of sorbent 

utilization limits to an extent previously unobtainable in the Downflow furnace at the 

University of Arizona. The advanced sorbent feed system used in this work, avoided 

error associated with pulse feeding that can cause collection of more sorbent in the 

impactor than should be considered for the calculation of the equivalence ratio or sorbent 

utilization. This error leads to higher equivalence ratio and lower sorbent utilization 

measurements than actual. This sorbent feed error is greatest at low equivalence ratios 

and is associated with slow sorbent feed rates. 

Thirty-one out of the 42 data points shown in Figs. 4.1a and 4.1b exceed the 

single-oxide aluminosilicate limit, each evidencing that products other than single-oxide 

aluminosilicates were formed. The error in terms of sorbent utilization is much less than 

the error bars presented in Chapter 3 (see Fig. 3.14b), where the error bars represent all 

errors contributing to fluctuations in the measured capture fraction. As discussed in 

Chapter 3, the errors associated with sorbent utilization are only a function of the flame-

AA readings (assuming there was reasonably steady sorbent feed), so in terms of sorbent 
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96 

utilization, the error is less than 2% for all data in Figs. 4.1a and 4.1b. As shown Ln Figs. 

4.1a and 4.1b, a realistic sorbent utilization limit would be twice that based on the 

formation of sodium aluminosilicates alone. As shown, this limit was found to apply for 

sodium, lead, and cadmium single-metal and bimetal systems. Hence, the limit is based 

on the nature of kaolinite capture of metal oxides, not just a peculiarity of the 

sodium/kaolinite system. 

Table 1.2, constructed using information obtained from the phase diagram for the 

sodium aluminosilicate and lead aluminosilicate systems [17, 18, 19], lists the possible 

sodium/kaolinite reaction products and allows direct comparison of each product's metal 

capture capacity potential. All of the aluminosilicate products require one and only one 

sodium oxide molecule per alumina molecule. The only products that allow for greater 

capture of sodium are the silicates. If both aluminates and silicates form (instead of 

aluminosilicates), then the capture capacity of meta-kaolinite would increase by at least a 

factor of two over that of the aluminosilicate products. The fact that the aluminosilicate 

limit was exceeded at the low equivalence ratios (see Fig. 4.1b) is evidence of the 

formation of lower order products, e.g., aluminates and silicates. The products formed 

are probably a function of equivalence ratio, higher capacity products forming at lower 

equivalence ratios. As shown in Fig. 4. la, two data points represent nearly 4 times the 

sorbent utilization capable for single-oxide aluminosilicates. However, for the purposes 

of modeling, the 2 times capture limit (one metal oxide molecule captured per 

(l/2)Al203-2Si02) will be used, because that limit appears to satisfy the majority of data. 
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4.3 Soluble and Insoluble Capture Determination Method 

In order to distinguish between soluble and insoluble sodium/kaolinite reaction 

products, samples of reactively formed sodiumu'kaolinite product particles were leached 

using ultrapure (Milli-Q Reagent Grade) water for 24 hours. Flame-AA analysis was 

used to quantify the total amount of sodium captured and the amount of sodium leached. 

A more rigorous method was used than a stationary leach [41, 59]. The water/particle 

samples were spun for 24-hours. Non-settled unleached particles did not contribute to the 

flame AA readings even though they may have been injected through the flame, because 

they did not dissociate or ionize at the necessary location in the flame. 

The Anderson impactor, used in previous solubility studies [41, 59], has less 

resolution than the BLPI. The Anderson is an atmospheric type impactor, which is 

regulated by a gate valve and flow meter behind the impactor in order to maintain the 

desired flow rate. The Anderson impactor consists of 8 stages and an afterfilter. The 

eighth stage of the Anderson impactor has a d50 of 0.65 jum, while the afterfilter collects 

particles with a diameter greater than 0.43 //m. The major advantage of using a low 

pressure impactor is that it allows fractionation between the submicron metal aerosol and 

the supermicron sorbent PSD. The d50 for plate one of the BLPI is 0.0324 [im. More 

importantly, the BLPI plates across which the transition between coagulated metal 

aerosol and sorbent product particle collection occurs (plates 5 and 6) have d50s of 0.337 

and 0.535 ^m, respectively. The afterfilter of the Anderson impactor collects particles in 

the middle of that transition range (see Fig. 2.16). Hence, using the BLPI was important 

to the successful solubility investigation of the present work. 
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4.4 Comparison with Literature Data 

The rate of sodium capture by kaolinite determined by Mwabe and Wendt [41] 

was based on reactively captured non-soluble sodium. Figure 4.2 shows a comparison of 

data from the present work with the sodium capture data of Mwabe [59], obtained at 

similar temperatures but longer residence times. Also compared in Fig. 4.2 is the 

difference in percent capture obtained between water insoluble sodium and total sodium. 

Total sodium capture (soluble + insoluble) for the literature data [41, 59] was calculated 

in the present work from the impactor plate sorbent and metal loadings reported by 

Mwabe [59]. The reactively captured metal was taken to be the total amount of sodium 

reported as collected on stages 1 through 7 of the Anderson impactor. Metal collected on 

stage 8 and the afterfilter of the Anderson impactor was considered to be uncaptured 

metal, which was also assumed by Mwabe [59]. As shown, a significant portion of the 

captured sodium was water soluble, both for this work and from the literature data. It is 

known (see Chapter 3) that all of the sodium captured in this work was reactively 

captured, not condensed. 

The literature data plotted in Fig. 4.2 corresponds fairly closely to the data taken 

in this work, except perhaps at the low equivalence ratios, where sorbent feed errors are 

more likely to have had an effect. While it is true that Davis et. al. [49] have shown that 

condensation of metal onto sorbent particles is a potential problem when sampling below 

the dewpoint, their findings do not indicate that such condensation will occur in all 

circumstances. It is possible that the sodium vapor homogeneously nucleated and 

coagulated in the furnace to form a submicron aerosol even in the presence of sorbent 
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Figure 4.2. Comparison of soluble and insoluble sodium capture data with literature data 
[59]. The solid black line represents total sorbent utilization based on the formation of 
Na20"Al203'28102 as the primary product. The open and patterned bars represent 
insoluble and soluble capture data, respectively, obtained in the present work using the 
size fractionation method combined with water-solubility tests. The red triangles are 
total capture data points calculated in the present work from Mwabe and Wendt [59] data, 
assuming that all metal on stage 8 and the aflerfilter of the Anderson impactor was 
uncaptured sodium and that all sodium collected on the other plates of the impactor was 
reactively captured (soluble or insoluble) by kaolinite. The blue diamonds represent their 
[41] insoluble sodium capture data. The curve fits of the data represent an of 0.95 for 
the red trianges and 0.91 for blue diamond data. A caution is given in observing this 
comparison- While the literature data [41] were obtained at similar temperatures to this 
work, they were aU obtained with slightly longer residence times due to sanq)ling below 
the NaOH dewpoint. 
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powder or that the iinreacted metal remained vapor until it entered the sampling probe. 

Condensation onto sorbent is particularly unlikely to occur if the furnace metal 

concentration is lower than anticipated, because the dewpoint will be significantly lower. 

Hence, the agreement in Fig. 4.2 may be indeed genuine. 

4.5 Sodium/Kaolinite Model 

Figure 4.3 contains the low and high temperature sodium capture data as a 

function of equivalence ratio from which the temperature/time dependent rate of sodium 

capture by kaolinite was determined. From this two-dimensional perspective, there is no 

statistical difference between the high and low temperature data (see Figs. 3.14a and 

3.14b). In addition to equivalence ratio however, the capture data are also a function of 

the absolute metal concentration in the fiimace. Before balking at the assertion that the 

first order rates represented in Fig. 4.3 are a function of absolute concentration, consider 

that the reaction rate is a first order function of both metal and sorbent concentration. 

Hence, for a given equivalence ratio, if the absolute concentration of metal increases, so 

does the absolute concentration of sorbent. However, the fraction of metal captured is 

only a function of the initial and final gas-phase concentrations of metal, not sorbent. 

While the rates appear similar, the absolute concentration of the low temperature data 

was about five times less than that of the high temperature metal concentration, 

translating into a reaction rate five times higher than for the high temperature condition. 

Therefore, the data represent a negative activation energy, as is the case for the 

lead/kaolinite system [51]. 
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As in the previous work [41], the sodium/kaolinite product was found to undergo 

a eutectic melt in both the high and low temperature conditions of this work. This melt is 

believed to enhance capture, by inducing structural transformations in the thin kaolinite 

platelets, layers of which make up kaolinite powder sorbent particles (see section 1.4). 

The enhancement due to melting is indistinguishable from increases in the intrinsic rate 

with temperature, because each has a similar effect on the rate and in the same direction. 

It has been shown, for the lead/kaolinite system, that a high temperature catastrophic 

eutectic melt, initiated by the lead/kaolinite product, is self-inhibiting. This catastrophic 

melt inhibits capture by filling the meso-pore gaps that initially lie between and/or 

through the platelets, eventually forming a solid sphere with essentially no porosity. 

The range of data taken in this work was not sufficient to independently develop a 

model for the Na/kolinite reaction rate. The model developed for the post-experimentally 

observed sodium/kaolinite product formation rate [41] did not exhibit a negative 

activation energy as did the overall sodium/kaolinite reaction in this work. It is possible 

that the observed mechanisms of aluminosilicate formation [41] are different than the 

total sodium/kaolinite capture (soluble + insoluble) mechanisms. Since the behavior of 

sodium reaction with kaolinite is similar to that of lead in this temperature range, a model 

derived for the lead/kaolinite reaction [51] will be used to describe the sodixmi reaction 

with kaolinite. The model originally derived for lead was based on the formation of 

PbO-AliOs-28102. Hence, the model limited lead capture at low equivalence ratios to one 

lead atom per two aluminum atoms. The actual products formed are a variety of different 

aluminates, silicates, and aluminosilicates, each with a different lead oxide capture 
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capacity (see Table 1.2). It has been found that a more realistic sorbent utilization limit 

for both lead and/or sodium capture is that based on two times as much metal oxide 

capture as aluminosilicate (see Figs. 4.1a and 4.1b). 

Gallagher [40] showed that the reactive sodium gas species is NaOH. However, 

the model rates are based on the formation of NaiO products, merely for convenience. 

The phase diagram for sodium aluminosilicates [17, 18, 19] lists all of the products in the 

metal oxide form. The proposed model and rates are based on the following 

stoichiometry, which was determined from the sorbent utilization limit results shown in 

Figs. 4.1a and 4.1b, not intended to represent the actual reactant species or products 

formed: 

where is the sodium reaction product based on Equ. 4.1, and D is deactivated 

sorbent, caused by a catastrophic melt initiated by . 

Equation 4.2 models the deactivation of sorbent as a catalytic-like process, 

because the deactivation is not actually due to the formation of a product, but rather due 

to the mere presence of the sodium product. The following rate equations describe the 

reactions in Equations 4.1 and 4.2: 

Na^O +1 • {AUO, • 2SiO,) —^ 4.1 

Pva + T • • 2SiO,) —^ D + 4.2 

4.3 

4.4 
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^PNa ~^Na ~^Na ^5 ~^S ~^PNa ~^'^D 

where C^ , C , C^, and respectively represent the in-flimace concentrations 

(mol/cc) of deactivated sorbent, gas-phase sodium (concentration based on all sodium as 

NaiO), unused sorbent based on the reaction stoichiometry of Equ. 4.1, and 

sodium/kaolinite reaction products. 

A slight adjustment to the lead-derived model was made to account for the fact 

that NaOH, the reactive sodium species, has an approximately 3 times higher difflisivity 

and is at least 5 times smaller than lead oxide, the reactive lead species. Therefore, the 

catastrophic melt will be somewhat less deactivating for sodium than for lead. 

Accordingly, the concentration of deactivated sorbent was reduced by a factor of a. 

The arrhenius form was used to describe the temperature dependence of both rate 

constants for Equ. 4.3 and 4.4. The analogous lead model uses zero activation energy for 

the formation of lead/kaolinite product. This is consistent with the enhancing melt as the 

most significant contribution to the product formation rate, since the lead product induced 

extensive melting for both the low and high temperature conditions (identical to those of 

this work). The same is true for the sodium system in this work. Since extensive melting 

was observed, via morphological investigations, for sodium product particles formed at 

the low and high temperature conditions of this work, it is likely that the sodium product 

formation rates at the high and low temperature conditions of this work would be similar 

in the absence of deactivation. Hence, = 0.0 was used for the model, as was 

respectively the case for the lead model (i.e., Ept = 0.0). Since melting inhibition is 

independent of reaction but highly dependent on temperature, the activation energy and 
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pre-exponential factor for deactivation from the leacfi model were used for the sodium 

model as well. The other pre-exponential factor andH the value of a were chosen to fit the 

data by nonlinear regression. Table 4.1 contains the: values for all of the constants that 

apply to the sodium/kaolinite reaction model. Rung^e-Kutta for systems of differential 

equations was used to solve the equations of the mo»del for the conditions of the 

experimental data. The temperature/time profile relsationships given in Chapter 2 (see 

Equs. 2.1 and 2.2) were used to adjust the temperatunre with residence time. 

Table 4.1. Constants used to fit the sodium rate modlel with experimental data. 

(cc/mol.s) 
E^tJa 

(J/mol.K) 
Ad 

(cc/mol.s) 
Ed 

(J/mol.K) a 

3.270e9 0.0 7.930el3 l.le5 0.9 

Figure 4.4 compares predicted sodium captune by kaolinite with experimental data 

taken at both the low and high temperature conditioms of this work. As shown, the fit is 

quite good. In fact, the agreement between model amid data is better than for any other 

single- or multi-metal system investigated in this woork, including lead. 

4.6 Capture and Self-Enhancement Mechanisi.ms 

Figure 4.5a shows the soluble and insoluble ssodium capture data firom this work 

as a function of equivalence ratio, and Fig. 4.5b showvs the associated solubility of silicon, 

sodium, and aluminum from the respective samples. The total sorbent utilization line in 

Fig. 4.5a is based on the formation of Na20-Al203-2lSi02. The low equivalence ratio 

capture is greater than this sorbent utilization limit, {particularly evident from other data 

obtained in this work (see Figs. 4.1a and 4.1b). 
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Figure 4.5a. Soluble and insoluble sodium capture by kaolinite based on the SFM. 
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Figure 4.5b. Soluble sodium, aluminum, and silicon. 
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Using solubility to quantify sodium capture would greatly under predict the 

reaction rate (considering all sodium captured, regardless of the products formed). The 

fact that a large fraction of the reaction products are soluble is additional evidence that 

reaction products other than aluminosilicates were formed. The soluble sodium (see Fig. 

4.5b) corresponds more closely with the sum of soluble silicon and aluminum than it does 

with either soluble silicon or aluminum alone, except for the highest equivalence ratio, 

which indicates little or no aluminum solubility and at least twice as much soluble silicon 

as sodium. Over 50% of the low equivalence ratio products are water-soluble. For 

sodium/kaolinite products obtained at higher equivalence ratios, a much smaller fraction 

of the sodium and less aluminum was soluble, and with excess sorbent, essentially no 

aluminum was soluble. Even for excess sorbent conditions however, some silicon and 

sodium was soluble. 

As shown in Table 1.2, a number of different products can form from the reaction 

of sodium with meta-kaolinite. All of the aluminum containing products require not 

more than one sodium oxide molecule per alumina molecule. The only products that 

allow for greater capture of sodium are the silicates. However, if both aluminates and 

silicates form, then the capture capacity of meta-kaolinite would increase by at least a 

factor of two over that of the aluminosilicate products. The fact that the alimiinosilicate 

limit was exceeded at the low equivalence ratios is evidence of the formation of lower 

order products, such as aluminates and silicates (see section 1.4). 

Typically, aluminosilicates are insoluble, while silicates are soluble. However, 

the solubility of all of the sodium^meta-kaoUnite products are somewhat dependent on the 
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stability of the structure formed by the product [67]. This is particularly true for 

NaiO-AliOs [67]. As discussed in chapter 1, an extensive high temperature soak time 

promotes the stabilization of the meta-kao Unite product and its associated metal-oxide 

product species. The high temperatures and short residence times experienced by the 

kaolinite sorbent in this work, similar to that expected in industrial boilers and waste 

incinerators, don't allow for this stabilization to significantly develop. Hence, the 

sodium/kaolinite products are frozen upon sampling in a disordered state. Still, the 

formation of aluminosilicates are likely to be less soluble than the lower order species. 

From the solubility and sorbent utilization data discussed above, a picture of the 

sodium/kaolinite capture process appears. Upon initial reaction of sodium with meta-

kaolinite, relatively insoluble Na20-Al203-2Si02 is formed. However, as the crystal 

structure converts from octahedral aluminum coordination in the kaolinite, to tetrahedral 

aluminum coordination in the meta-kao Unite, and back to octahedral coordination in the 

sodium aluminosilicate, some free silica is released from the crystal structure [13], which 

reacts with sodium to form soluble silicates. As the reaction continues and the meta-

kaoUnite structure is under pressure to accommodate more metal, the product structures 

break down to form NaaO-AhOs and Na20-?Si02, where '?' can be 0.5, 1, or 2, according 

to the phase diagram (see Table 1.2). Thus, potentially soluble alumina and silica 

products are formed, which have a higher metal capture capacity limit. This explains 

why the soluble fraction of sodium capture shown in Fig. 4.5a was greatest at low 

equivalence ratios and why the amount of soluble sodium followed the sum of aluminum 

and silicon (see Fig. 4.5a). At high equivalence ratios, where the meta-kaolinite structure 
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is not pressured to accommodate more metal, the primary aluminosilicate product 

remains, which is much less soluble. Therefore, only soluble sodium and silicon, not 

aluminum, were observed for the highest equivalence ratio sample. 

Self-induced enhancement of sodium capture (and by analogy lead capture) by 

kaolinite, due to eutectic melting, occurs in three ways. Initially, the melt breaks up the 

closely packed meta-kaolinite crystal structure to allow greater capture and formation of 

sodiiun aiumino-silicates containing only short-range order. As more metal reacts with 

the particle, the aluminosilicate structure breaks down completely, providing additional 

degrees of freedom and allowing the formation of silicates and aluminates, which have a 

higher capture capacity than aluminosilicates. A third possible enhancing mechanism is 

that the melt induces surface renewal to expose previously inaccessible material buried 

underneath layers of stacked platelets. Lead and sodium have been observed, via 

morphological investigation, to initiate the self-enhancing eutectic melt at approximately 

the same temperature (see Chapter 6). 

4.7 Chapter 4 Summary 

A clearer understanding of the mechanisms involved in the capture of sodium by 

kaolinite has been achieved. Specifically, the rate of the entire sodium/kaolinite reaction 

(soluble and insoluble capture) was obtained. Sodium reaction with kaolinite exhibited a 

negative activation energy between 1100 °C and 1300 °C, due to a catastrophic melt 

initiated by the sodium/kaolinite product. 

It was also shown that extensive utilization of Burgess 40 kaolinite can be 

obtained, even at the high temperatures and short residence times of industrial 
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combustion environments. The sorbent utilization limit, based on the formation of 

sodium aluminosilicate alone, was often surpassed in this work, due to the formation of 

lower order products collectively capable of accommodating more sodium than the 

aluminosilicate products. 

It was shown that a significant (more than 50%) fraction of the sodium/kaolinite 

reaction products formed at high temperature were water soluble silicates and aluminates, 

breakdown products of the intitial sodium-aluminosilicates formed. 

When sodium initially reacts with meta-kaolinite, the reactive sorbent species, 

sodium aluminosilicates are formed. As the reaction proceeds and the clay 

accommodates more metal, the basic meta-kaolinite crystal structure breaks down into 

silicates and aluminates, which are soluble. However, even before enough sorbent 

utilization occurs to cause the crystal structure to break down, some free silica released 

from the kaolinite structure during dehydroxylation and reaction with sodium may form 

soluble silicates, without any accompanying soluble aluminum. 

The sodium/meta-kaolinite product forms a eutectic with the remaining unreacted 

particle crystal to initiate a self-enhancing melt. This melt eutectically induced by the 

sodium/kaolinite reaction product, enhances the capture of sodium in three ways. First, 

the melting of the sorbent breaks apart and opens up the tightly packed meta-kaolinite 

crystal structure, allowing space to accommodate more sodium-oxide, even in the form of 

aluminosilicates. Second, as the melt progresses, the aluminosilicates break dovm into 

aluminates and silicates, providing additional degrees of freedom and allowing at least 

twice as much sorbent utilization as the initially formed aluminosilicate products. 
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Finally, a surface renewal melt may allow access to unutilized sorbent material buried 

under stacks of unexposed layers of platelets. 

The reaction rate of sodium with kaolinite was higher than that of Lead with 

kaolinite. Other than that, lead and sodium behave similarly when reacting with 

kaolinite. Both initiate self-enhancing eutectic melting at approximately the same 

temperature, and both cause sorbent deactivation by excessive melting at the high 

temperature condition. In addition, sodium and lead exhibit similar negative activation 

energies in the sorbent injection temperature range of this work (1160 °C to 1280 °C). In 

fact, the same deactivation rate equation and constants used to describe the lead 

deactivation in this temperature range accurately described the sodium deactivation rate 

observed for the data of this investigation. 
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CHAPTER 5 

CADMIUM CAPTURE 

5.1 Cadmium Capture on Hydrated Lime and Kaolinite 

The capture of cadmium by kaolinite, bauxite, and hydrated lime has been 

reported during low temperature benchscale experiments [20, 21, 22] and for larger 

laboratory scale experiments [3, 23, 53] with temperatures, residence times, and gas 

atmospheres similar to industrial boilers and incinerators (such as the experiments 

performed in this work). One of the most important of these was work done by Linak et. 

al. [23], which showed that cadmium could be effectively captured by either kaolinite or 

hydrated lime injection into 1300 °C post flame gases. Both the kaolinite and hydrated 

lime product particles exhibited evidence of melting from SEM morphological 

observations [23]. However, in the absence of cadmium, the fired hydrated lime particles 

remained crystalline, angular, and appeared not to have melted. Acidic cadmium oxide 

was credited with forming a eutectic with basic calcium oxide [23], thus causing the melt 

to occur. Lower temperature bench top work [22] failed to capture cadmium effectively 

with either kaolinite or hydrated lime, because temperatures were insufficient to cause 

melting. Therefore, it is likely that the eutectic melt, which is temperature dependent, 

enhances the capture of cadmium by both kaolinite and hydrated lime by causing crystal 

structure transformations, analogous to those discussed in Chapter 4, and possibly by 

exposing active sorbent material, which was initially buried beneath the sorbent particle 

available surface. 
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The work of Linak and coworkers [23] was only qualitative. Since then, 

techniques have improved for the quantification of metal capture by sorbents from high 

temperature gas environments (see chapter 3). This work endeavors to quantify and 

obtain global rates of capture for cadmium across the temperature regime of low and high 

reactivity with both hydrate lime and kaolinite. The capture of cadmium by sorbents in 

this work exhibits no diameter dependence (see Chapter 3). Hence, pore and bulk 

diffusion limitations are absent. 

Figure 5.1 illustrates the capture of cadmium as a flmction of sorbent/metal 

equivalence ratio at the low and high temperature sorbent injection condition (see 

Fig.2.9). The top graph shows that cadmium is captured much more effectively at the 

high temperature condition by kaolinite than at the low temperature condition. At low 

equivalence ratios, the capture of cadmium at the high temperature condition is limited 

nearly by total sorbent utilization based on the formation of cadmium aluminosilicates 

(see top graph in Fig. 5.1). However, it appears that sorbent utilization may be even 

greater at lower equivalence ratios. Indeed, for lead and sodium, a sorbent utilization 

limit based on twice that predicted by formation of single-oxide aluminosilicates was 

observed. Hence, the model will be based on this factor of two higher sorbent utilization 

observed for other metal/kaolinite systems. 

The actual reaction and products formed for the capture of cadmium by hydrated 

lime is unknown. However, the size fractionation method (see Chapter 4), including a 

rapid nitrogen quench and sampling above the dewpoint, has assured that the capture 

products were formed by reaction. The capture of cadmium by hydrated lime at the high 
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Figure 5.1. The capture of cadmium by kao Unite (top graph) compared with the capture 
of cadmium by hydrated lime (lower graph) at the low and high temperature conditions. 
The graphs are placed one above the other, so as to compare capture directly with respect 
to sorbent utilization based on equal amounts of calcium and aluminum atoms. 
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temperature condition was extremely fast. Very low sorbent feed rates were necessary to 

obtain data indicating less than 100% capture. Consequently, the lowest high 

temperature cadmium capture data point in the lower graph of Fig. 5.1 may have suffered 

from sorbent feed errors, such that the measured equivalence ratio is higher than the 

actual equivalence ratio. 

The rates of cadmium capture on hydrated lime and kaolinite are similar at the 

low temperature condition, based on equal amounts of aluminum and calcium atoms 

available (see Fig. 5.1), and the rate favors hydrated lime at the high temperature 

condition. On the other hand, comparing cadmium capture on the basis of the amount of 

CaO or AI2O3 available favors kaolinite at the low temperature condition, while the rates 

of capture at the high temperature condition for kaolinite and hydrated lime are somewhat 

similar. Hence, cadmium is captured effectively by both kaolinite and hydrated lime. 

However, at temperatures causing a eutectic melt to occur (1280 °C condition), the 

capture rate is greatly enhanced. 

Figure 5.2a and 5.2b shows FE SEM micrographs of cadmium/kaolinite product 

particles from the low and high temperature condition, respectively. Clearly, the 

cadmium/kaolinite particles formed at the high temperature condition, experienced more 

of a melt than particles formed at the low temperature condition. Similar morphologies 

were observed for hydrated lime. Sorbent particles, exposed to either high temperature 

environment, remained crystalline in the absence of captured metal (see Figs. 5.3). 

Hence, a eutectic (or near eutectic) formed by metals acting as network modifiers caused 

the melting. 



Figure 5.2a. Crystalline Cd/kaolinite particle. Sorbent injection at 1160 °C. 
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Figure 5.2b. Spherical Cd/kaolinite particle. Sorbent injection at 1280 °C. 
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Figure 5.3. ECaolinite particle exposed to high temperature (1280 °C) fijmace condition, 
without metal present. 
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Figure 5.4. Lead and sodium capture on hydrated lime compared with cadmium capture 
at the low temperature sorbent injection condition (1160 °C). 
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Equations 5.1 and 5.2 provide the time and temperature dependent first order 

global rates of cadmium capture by kaolinite and hydrated lime respectively, based on the 

stoichiometry presented below, which was determined from the sorbent utilization 

investigation presented in Chapter 4 (see Figs. 4.1a and 4.1b). The following reaction is 

intended to describe the stoichiometry only, not to indicate the actual reactant or product 

species: 

CdO 4-4" • (^^2^3 •'^SiO^) —> Products, and CdO + CaO —^—>• Products 

= 3.1 Me" expf 
I /C -y y 

=1.360e"exp 

(cc/mol-s) 5.1 

(cc/mol-s) 5.2 

Temperature and time were intimately cormected for the experimental conditions 

of this work. Nevertheless, temperature and time dependent rate expressions can be 

easily obtained from such non-time/temperature resolved data. The big concern however, 

is that the data is not sufficient to show (1) whether or not the rate increases linearly with 

respect to temperature and (2) whether the partial capture region of the response surface 

is controlled by reaction or by equilibrium. The answers to question (1) above will have 

a significant impact on the form of the model used to describe the rate, while the answer 

to question (2) above will determine whether the data can be used to derive reaction 

kinetics at all. Fortunately, the literature is possessed with information that can help 

answer those questions in this case, without fiirther experimentation. 
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For a gas/particle reaction in an entrained flow environment, an equilibrium 

product is unlikely, particularly a product that eillows captuie data that mimics the 

expected capture rate curves with respect to equivalence ratio (see Fig. 5.1). The 100% 

capture points are not equilibrium products by definition. In fact, for hydrated lime at the 

high temperature condition (see Fig. 5.1), all but one data point represents essentially 

100% capture. Beyond that argument, temperature/time resolved investigations of 

similar metal/sorbent systems for the same temperature range (1000 to 1280 °C) and 

similar residence times (0.83 to 1.15 s) as for this investigation indicate that the products 

are reactively formed [41,51], not merely equilibrium products. 

Now consider (1) above, the rate linearity concern. Previous investigators have 

found that for similar systems, such as the sodium/kaolinite or lead/kaolinite systems, 

there are only two major deviations firom linearity of the metal/sorbent reaction process 

[41,51]. The first is a self-enhancing eutectic melt, discussed in Chapter 4. The second 

is a catastrophic deactivating eutectic melt, which results in an overall observed negative 

activation energy. These non-linear effects are a function of temperature and the specific 

metal being captured, with the initiation of the inhibition mechanism occurring at a 

higher temperature than the initiation of the enhancement mechanism. As will be shown, 

morphological and rate investigations of the cadmium/kaolinite system indicate that for 

the low temperature sorbent injection condition of this work, cadmium does not benefit 

firom the eutectic melt enhancement. Melting and rate increase is observed for the high 

temperature condition. Hence, the major effect being investigated for the 

cadmium/kaolinite system in this investigation is the increase in rate with temperature. 
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essentially due to an increase in the self-enhancing eutectic melt. This enhancement is 

indistinguishable, via the type of observable global rate data obtained in this work, from 

any basic increase in the intrinsic rate for the same temperature range, because both 

increases in rate will behave similarly. 

A more complete matrix of data would provide more information about the 

cadmium/kaolinite system, including the various rate stages and transitions. A much 

more detailed kinetic investigation may allow distinction between the crystalline capture 

rate, the increase in rate due to the self-enhancing sorbent melt, and the temperature of 

deactivation due to excessive melting, which is likely to occur, but at temperatures higher 

than investigated in this work. However, the increase in the cadmium/kaolinite reaction 

rate can be well demonstrated by a simple rate expression for the temperature range 

investigated in this work. In addition, the rate expressions obtained will provide a 

reasonable basis for comparison in a multi-metal environment, which is the primary 

objective of this work. 

5.2 Cadmium, Lead, and Sodium Capture on Hydrated Lime 

Qualitative results from the initial stages of the present investigation [53] 

attempted to provide insight into the effectiveness of hydrated lime at capturing lead, 

cadmium, and sodium. However, further examination of the qualitative data [54] and the 

quantitative results presented in this work have provided a clearer understanding of these 

multi-metal interactions. 

Hydrated lime is more effective at capturing cadmium than either sodium or lead, 

as illustrated by the rough experimental data in Fig. 5.4. In spite of the scatter in the data. 
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it is clear that the hydrated lime capture rate of sodium and lead, alone or together, is 

relatively slow at the 1160 °C sorbent injection condition. This as well as other evidence 

[54], indicates that the capture of cadmium by hydrated lime will not be hindered by the 

presence of either lead or sodium. The capture of lead and sodium by hydrated lime at 

higher temperatures has yet to be investigated. 

5.3 Cadmium Capture in the Presence of Reactive Gases 

The capture of cadmium by sorbents in the presence of chlorine or other reactive 

gases such as SO2 was not extensively investigated in this work. However, on the basis 

of literature findings [23, 39,41] on the effects of these gases on metal/sorbent 

interactions, some discussion on the effect of these gases on the capture of cadmium by 

hydrated lime and kaolinite is warranted. Linak et. al. [23] found that the capture of 

cadmium by hydrated lime, with a sorbent injection temperature of ~1300 °c, was 

enhanced by the presence of chlorine. Perhaps hydrated lime reacts rapidly and directly 

with both cadmium oxide and cadmium chloride. Experiments performed in the present 

work indicated that the presence of chlorine tended to partially vaporize calcium based 

sorbents, by reaction with the sorbent particles to form calcium chloride. Reaction with 

chlorine also caused hydrated lime particles to become very sticky, especially at fiimace 

locations where the temperatures were just below the dewpoint of calcium chloride. 

Addition of 1000 to 2000 ppmv of chlorine, scavenged metal from the furnace wall, thus 

increasing the furnace metal concentration to several thousand ppmv of lead and 

cadmium. Even after the wall source had been completely scavenged, chlorine 

dramatically increased metal recoveries from ~ 1% to 90+%. 
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It has been shown for lead [39, 51], cadmium [23], and sodium [41], that the 

capture of these metals by kaolinite is inhibited by the presence of chlorine, due to the 

gas-phase formation of non-reactive metal chlorides. The presence of chlorine slows the 

reaction of cadmium with kaolinite by reducing the concentration of CdO (the reactive 

species) in the gas phase. Equilibrium predictions show that the majority of lead and 

sodium (total fiimace concentration of 100 ppmv) exist as metal chloride in the presence 

of 1000 ppmv of chlorine, between 1100 °C and 1300 °C. Although the thermodynamic 

database for cadmium chlorides is not currently sufficient to obtain predictions, it is 

likely, given the behavior of similar metals such as lead and that chlorine scavenged 

cadmium &om the walls of the furnace, that cadmium exists primarily as cadmium 

chlorides in such a system. For the sodium/kaolinite system, SO2 was observed to raise 

the dewpoint temperature [41], If the cadmium/kaolinite system is analogous, the 

primary effects of SO2 on the capture of cadmium by kaolinite would be to decrease the 

available residence time for the reaction to occur, by increasing the dewpoint 

temperature, and to change the reactant species to that of the sulfate. The hydrated lime 

system on the other hand, will be significantly affected by the reaction of SO2 with the 

sorbent. 

5.4 Chapter 5 Summary 

Cadmium was found to be effectively captured by both kaolinite and hydrated 

lime. However, for both sorbents, the high temperature condition (1280 °C) produced 

much greater capture, due to a eutectic melt initiated by the metal/sorbent products. At 

the high temperature condition, significant sorbent utilization was obtained, even to 
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exceed that based on the formation of Cd0-Al203-2Si02. Temperature/time dependent 

global capture rates of cadmium by kaolinite and hydrated lime were obtained (see Equ. 

5.1 and 5.2). It is unknown what products form from the reaction of cadmium with 

hydrated lime. However, condensation was avoided by sampling above the dewpoint and 

using rapid dilution quench sampling (see Chapter 4). Therefore, the capture of cadmium 

by hydrated lime must be by chemical reaction. 

At the 1160 °C sorbent injection condition, hydrated lime was shown to be much 

less effective at capturing lead and sodium than it was at capturing cadmium. Based on 

some information obtained in this work and much of what has been reported in the 

literature [23, 39, 41, 51], it was determined that (1) chlorine will enhance the capture of 

cadmium by hydrated lime, but will hinder cadmium capture on kaolinite by reducing the 

reactive gas-phase species (cadmium oxide), and (2) sulfur dioxide may also hinder the 

capture of cadmium by kaolinite and will have an even more important role in the capture 

of cadmium by hydrated lime. 
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CHAPTER 6 

MULTI-METAL CAPTURE ON KAOLINITE 

6.1 Previous Investigations 

As discussed in Chapter 4, a clearer understanding of the mechanisms involved in 

the capture of sodium by kaolinite has been obtained. The method of quantifying the 

fraction of metal captured in this work, via the SFM (see Chapter 4), allowed 

quantification of sodium captured (soluble + insoluble), while previous investigations 

focused primarily on the insoluble aluminosilicates formed [41], Thanks to the advanced 

sorbent feed technologies used in this research, extensive sorbent utilization has been 

shown to be easily obtainable (see Chapter 4). For multi-metal investigations, it is 

important to base the fraction of metal captured on the total metal captured (not just the 

insoluble metal), because that is the basis for competition, inhibition, and enhancement. 

In consequence of this clearer understanding of the rate and nature of sodium capture by 

kaolinite, the data, model, and rates for the capture of sodium by kaolinite obtained in this 

work (see Chapter 4) were used to investigate multi-metal/kaolinite interactions involving 

sodium, rather than the data, model, or rates of previous investigators. 

Qualitative results from the initial stages of the present investigation [53] 

attempted to provide insight into competition for sodium and toxic metals capture on 

sorbents. However, further examination of the qualitative data [54] and the quantitative 

results presented in this work have provided a clearer understanding of these multi-metal 

interactions. 
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6.2 Method of investigating Multti-Metal Interactions 

Two different and separate effcnrts of investigation were used to determine multi-

metal sorbent capture mechanisms, a kiinetic and a morphological approach. The kinetic 

approach investigated multi-metal sorbent capture mechanisms by comparing relative 

rates of metal capture for individual anid multi-metal systems. The morphologic 

investigation used Field Emission Scamning Electron Microscopy (FE SEM) to determine 

the physical structure of metal/sorbent product particles sampled from the furnace, and 

related the morphology of the sampled. particles, via logic, to the sorbent matrix 

transformations and melting which occ:urred while the particles were in the furnace. 

Mwabe and Wendt [41] and Daavis and Wendt [51] have performed extensive 

experimental testing to determine singUe-metal/single-sorbent kinetics in entrained flow 

furnaces, which have temperatures, res:idence times, and gas environments similar to 

industrial furnaces. Such an investigatrion requires data at three or more different 

temperatures, in order to determine the: curvature of the rate as a function of temperature. 

Often, the temperatures and residence ttimes are convoluted in such furnaces. In order to 

assure that the products formed are ind'.eed a function of kinetics and not equilibrium, it is 

necessary to take data where the resider nce time is varied independent of temperature. 

In the present study, the objecti ve was to observe multi-metal interactions, rather 

than to obtain detailed multi-metal inte::raction kinetics. In other words, the objective was 

to observe simple effects that differ in sa single change of condition, both qualitatively and 

quantitatively. The formation of metal sorbent products causes sorbent crystal 

transformations, which induce both me=lting enhancement and inhibition mechanisms. 
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For example, lead capture on kaolinite at high temperatures has been shown [51] to 

inhibit the ability of the kaolinite particles to capture lead at lower temperatures (i.e., a 

negative activation energy) by an excessive eutectic melt. The matrix of experiments to 

investigate multi-metal interactions via a full kinetic study would be very large. Hence, a 

simplified approach was developed. All experiments were performed using either of two 

different temperature/time profiles. These sorbent injection temperatures correspond to 

the upper two sorbent injection temperature conditions used for the more extensive 

kinetic investigation of the lead/kaolinite system. This simplified approach was made 

possible in large part because of the efforts of the extensive single-metal system 

investigations performed through the same temperature range as investigated in the 

present work. These previous investigations [41,51] established that the fraction of 

metals captured in the investigated temperature range were indeed kinetically controlled, 

not simply equilibrium products (see also Chapter 5). 

The fraction of metal reactively captured by sorbent was quantified using the 

aerodynamic SFM described in Chapter 3. The equivalence ratios for all graphs are 

defined, as previously, as the amount of alumina per the amount of metal oxide, Na20, 

PbO, and CdO, for sodium, lead and cadmium, respectively. This definition of the 

equivalence ratio is maintained for the graphs throughout this work, including for the 

plots of model predictions in Chapter 7, as a consistent reference for comparison. Using 

the equivalence ratios thus defined, allows easy comparison of sorbent utilization limits, 

based on the formation of various products (i.e., see Fig. 4.1a and 4.1b). The molar 

quantity of kaolinite was determined based on the moles of aluminum present in a 
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sample. Therefore, one lead, one cadmium, or two sodium atoms were proportional to 

two aluminum atoms. 

Because all experiments were performed with one of two temperature/time 

profiles, the single metal species experiments can be directly compared with the multi-

metal species experiments to observe competition, inhibition, or enhancement effects on 

metal species capture by kaolinite. Samples were taken just above the metal species 

dewpoint, at a temperature of 1058 °C, to obtain as long of a residence time as possible 

(0.83 s, 1.15 s), while avoiding the possibility of metal condensation in the fumace. The 

FE SEM morphological investigation was performed in coordination with the capture rate 

investigation (i.e., at the same temperatures) to help explain the capture rate phenomena. 

6.3 Sorbent Utilization and Products Formed 

Figures 4.1a and 4.1b (see Chapter 4) demonstrate that the sorbent utilization 

limits for the single-metal oxide systems are similar to the limits for total metal capture 

from the bimetal systems. This indicates that the products formed are similar for the 

single-metal and bimetal systems. Therefore, the contribution of products containing 

both metal oxides in these bimetal systems is not significant. For modeling purposes it is 

best to choose a stoichiometry that corresponds to the majority of data for both the single-

metal and bimetal systems. From the data obtained in this work, that is a stoichiometry 

based on twice as much metal oxide as aluminosilicate (see Figs. 4.1a and 4.1b). 

6.4 Kinetic Investigation 

The data for the multi-metal systems are plotted two ways, versus total molar 

equivalence ratio (alumina/total metal oxide), (p, and versus the molar sorbent/metal 
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species ratio, Oj. From the plots of capture versus 9i, some direct comparisons can be 

made. First, multi-metal data points that lie on the same curve as the respective single-

metal data points, indicate that capture was totally unaffected by the presence of the other 

metal, as if it was inert. Second, multi-metal data points that fall below the respective 

single-metal data points, indicate that capture was affected to some extent by either 

competition or inhibition, due to the presence of the other metal. Finally, multi-metal 

data points above the respective single-metal data points, indicate that capture was 

enhanced by the presence of the other metal. The traditional method of plotting capture 

versus total equivalence ratio, allows comparison of the single-metal capture with total 

metal capture and with respect to total sorbent utilization based on the formation of 

metal-oxide aluminosilicates. 

There were singificant data-point to data-point variations in the relative furnace 

concentrations of lead and sodium for both the low and high temperature conditions. 

This is true for all the multi-metal data in this work and accounts for the greater scatter 

observed in the bimetal data compared with the single-metal data. This additional scatter 

should not be associated with error. It is a result of plotting the three- and four-

dimensional data in two dimensions. 

Figures 6.1a and 6.1b illustrate the two methods of plotting the bimetal data 

described above for the lead/cadmium/kaolinite system at the 1160 °C sorbent injection 

temperature condition. The capture rate of lead on kaolinite is at least five times greater 

than that of cadmium at this temperature condition. All of the cadmium data appear to be 

rate limited. The total capture of metal (see Fig. 6. la) appears to be enhanced for the lead 
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and cadmium combined system. Figure 6.1b confirms that total metal capture was 

enhanced for the bimetal system. 

Lead capture in the presence of cadmium was not less than lead single-metal 

capture (see Fig. 6.1b). This was expected, since the reaction rate of lead with kaolinite 

at this temperature was much greater than that of cadmium. In fact, lead capture appears 

to be enhanced by the presence of cadmium. 

The capture of cadmium in the presence of approximately equal amounts of lead 

was similar to that of cadmium single-metal capture (see Fig. 6.1b). Due to the fact that 

cadmium was competing for capture on kaolinite with a much more reactive metal (lead), 

the capture of cadmium should have been significantly less in the presence of lead if the 

dominant mechanism of bimetal interaction was merely competition. The fact that the 

capture of cadmium in the presence of approximately equal amounts of lead was similar 

to cadmium single-metal capture is evidence that significant enhancement of cadmium 

capture by the presence of lead occurred. In addition, if competition were the dominant 

bimetal interaction, the capture of cadmium in the presence of higher concentrations of 

lead would be even less. However, in the presence of four to ten times as much lead as 

cadmium, the capture of cadmium was even greater than in the presence of equal 

amounts of lead or in the single-metal system (see Fig. 6. lb). Cadmium capture 

enhancement by the presence of lead was the dominant multi-metal interaction 

mechanism at the 1160 "C temperature condition. 

As discussed in Chapter 5, the rate of cadmium capture by kaolinite was much 

greater at the high temperature condition, due to a self-enhancing melt, which occurred at 
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the high but not low temperature condition. On the other hand, the rate of lead capture 

was somewhat less at the high temperature condition than at the low temperature 

condition [51]. Consequently, the rate of cadmium capture at the high temperature 

condition was as great or greater than that of lead. Figure 6.2a and 6.2b illustrate results 

from the cadmium/lead/kaolinite system at the 1280 °C sorbent injection condition. As 

shown in Fig. 6.2a, total metal capture was greatly enhanced for the bimetal system over 

the single-metal system. Figure 6.2b illustrates that this was due to enhancement of both 

metals. Hence, this enhancement involved a new mechanism. Again, enhancement is 

illustrated for the bimetal data even though it is similar to the single-metal data, because 

there were less kaolinite active sites to react with due to competition. 

The lead single-metal capture by kaolinite is greater at the lower temperature 

condition, as observed from comparing Figs. 6.1a and 6.2a. The residence time of the 

high temperature condition (1.15 seconds) is slightly longer than for the low temperature 

condition (0.83 seconds). This negative activation energy for the capture of lead by 

kaolinite was observed by Davis and Wendt [51], who explained this unusual 

phenomenon by excessive melting inhibition of the lead oxide aluminosilicate eutectic 

formed at the high temperature. Chapter 4 of this work uses the same deactivating 

catastrophic melt model used by Davis and Wendt [51] to describe a similar deactivating 

melt observed for sodium capture by kaolinite. Eutectic melting has also been credited 

by several investigators [3, 21, 23, 41, 51] for inducing enhancement of single-metal 

oxide capture by kaolinite. See also Chapters 4 and 5 of this work. Following this logic, 

the eutectic melt often observed during the reaction of metals with aluminosilicates may 
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result in either capture enhancement or inhibition, depending on the temperature and the 

specific eutectic formed. 

Figures 6.3a and 6.3b show data from the bimetal investigation of the interaction 

of lead and sodium capture on kaolinite at the 1160 °C sorbent injection condition. 

Figure 6.3a illustrates a slight metal capture inhibition for the lead and sodium combined 

system, because slightly less capture of total metal was achieved than for either of the 

single-metal systems. 

Figure 6.3b illustrates the effect of combining the metals on the capture of each 

individual metal species. As shown, the presence of lead appears to have had little or no 

effect on the capture of sodium. However, the presence of sodium significantly reduced 

the capture of lead. Hence, for the low temperature condition (1160 °C), lead capture was 

inhibited by relatively uninhibited and unhindered sodium. The inhibited bimetal lead 

capture data points (in the center of the graph in Fig. 6.3b) were obtained with the sodium 

data off the chart to the right of the graph, which indicates that (I) less sodium (2.5 times 

less Na20 than PbO) was present than lead, and (2) essentially 100% capture of the 

sodium occurred, even though a much smaller fraction of the lead was captured, and a 

significant fraction of the sorbent was unutilized. Also, the approximately 50% capture 

sodium bi-metal data (see Fig. 6.3b) was obtained with (from the same samples) less than 

10% capture of lead, indicating that most of the sorbent was used by the sodium product 

(very little lead was captured) when there was a deficient amoimt of kaolinite present. 

Therefore, sodium capture dominated in this bimetal lead/sodium/kaolinite system. 
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Sodium behaves similar to lead, in terms of the sorbent product particle melting 

transformations [41,51] and deactivation (see Chapter 4). The sodium/kaolinite reaction 

rate is ~ 1.3 times faster than that for lead. Therefore, much of the sodium capture may 

be complete before significant deactivation occurs. Sodium hydroxide molecules, the 

reactive sodium species, are at least 5 times smaller than lead oxide molecules. Pore 

diffusion resistance is greater for lead (see Chapter 4), i.e., the difflisivity of NaOH is 

approximately 3 times greater than for lead oxide. However, in the Na/Pb bimetal 

system, a sodium-kaolinite product derived melt mechanism could significantly inhibit 

lead capture. 

The high temperature data for the bimetal system of lead and sodium capture by 

kaolinite is similar to that for the low temperature condition, with the exception that the 

total metal capture does not illustrate inhibition at the high temperature condition, as 

presented in Fig. 6.4a. This may be simply because there was enough sodium in these 

high temperature bimetal experiments to use all the sorbent. Sodium and lead oxide were 

present at similar concentrations at the high temperature condition, but PbO was present 

at 2.5 times as much NajO at the low temperature condition. Otherwise, lead capture 

inhibition may have been observed at the high temperature condition as well. Figure 6.4b 

shows that the sodium capture was unhindered by the presence of lead, while lead capture 

was greatly reduced by the presence of sodium at this high temperature condition (1280 

°C). 
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6.5 Particle Morphology Results 

Sorbent/metal product particle morphology was investigated based on visual 

interpretation of Field Emission Scanning Electron Microscopy (FE SEM) micrographs. 

The extent of metal/kaolinite particle sphericity, defined as the extent to which a product 

particle is spherical, was quantified as a function of particle metal species concentration 

for the low temperature condition (1160 °C). Lead, sodium, and cadmium runs were 

alternated in the furnace, with lesser amounts of the other metal species present. 

Individual particles were examined from each sample. Three categories of particles were 

used to characterize the extent of melting and restructuring of sorbent particles, (1) 

spherical, (2) crystalline, and (3) oblate polymorph. Spherical particles were assumed to 

have experienced the most melting and restructuring, while the crystalline particles 

experienced very little melting and restructuring. The oblate poljnnorphs were assumed 

to have experienced significant melting and restructuring, but not to the extent of 

spherical particles. Examples of these three particle types are given in Fig. 6.5. 

EDS analysis was performed on numerous individual particles firom which 

sphericity as a function of metal species concentration was plotted for the low 

temperatme condition (1160 °C). Figure 6.6 shows the influence of cadmium on 

kaolinite particle transformations versus the combined influence of lead and sodium, 

where the ordinate axis represents the percentage of lead and sodium alumino-silicate 

product formed in the particle. 

As shown in Fig. 6.6, the presence of cadmium at 1160 °C caused little kaolinite 

structural transformation and sphere formation, whereas, the presence of lead and sodium 



Figure 6.5. Example of metal/kaolinite product particle morphologies. From top to 
bottom, spheres, oblate polymorphs, and crystal structures. 
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at this temperature significantly increased such transformations. Uberoi and Shadman 

[20, 21] showed from low temperature bench-scale work that the predominant 

lead/kaolinite reaction required the presence of both alumina and silica and formed 

PbO-AliOs-28102 as a product. Melting was observed in this case. On the other hand, 

they showed that cadmium reacted equally well with alumina alone as with both silica 

and alumina together to form either Cd0-Al203-2Si02 or CdO-AljOs [21, 22]. Melting 

was not observed in this case. In the case of Cd0-Al203-2Si02, cadmium capture was 

limited by pore plugging. This benchscale work, while not performed under conditions 

similar to those found in industrial boilers and waste incinerators, is additional evidence 

that differences in crystal restructuring (causing or not causing melting and sphere 

formation) is linked to the difference in products formed through reaction of kaolinite 

with Pb (or Na) and Cd. 

At the high temperature condition (1280 °C), cadmium caused significant melting 

and restructuring of the kaolinite product particle (see Figs. 5.2a and 5.2b). Unlike the 

crystal product particles produced at the low temperature condition, cadmium/kaolinite 

product particles formed exclusively spherical particles at the high temperature condition. 

Figure 6.7 illustrates the sphericity of product particles as a function of sodium 

and lead sorbent utilization. As shown, less than 10% utilization was needed before 

sphere formation occurred. A few particles achieved as much as 40% utilization by 

sodium and yet remained crystalline. For sorbent utilization by either lead or sodium 

however, the melting transformation can initiate due to a relatively small firaction of 
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sorbent utilization, leaving the more significant fraction of sorbent to be influenced by the 

physical transformations caused by the initially formed products. 

From the evidence obtained from FE SEM and EDS analysis, it is proposed that 

when metals react with kaolinite (and other sorbents, i.e. hydrated lime [23]), a melt-type 

sorbent transformation may occur (depending on the temperature). Enhancement may 

occur either by exposing new surface to react with incoming metal vapor molecules or 

through expanding and restructuring of the dense crystalline structure to allow various 

new products to form and accommodate more metal (see section 1.4). One of the reasons 

why the Cadmium/kaolinite reaction rate at the low temperature condition is small in 

comparison with lead and sodium may be that not as much surface renewal or crystal 

restructuring occurs. Hence, the melt-type kaolinite particle restructuring caused by lead 

and/or sodium reaction with kaolinite may enhance the capture of cadmium at low 

temperature by creating and exposing sorbent sites for reaction. At higher temperatures 

the Cd/kaolinite reaction causes enough melting to significantly enhance its own reaction. 

6.6 Cadmium Multi-Metal Data with Wall Interference 

Prior to rebuilding the furnace with vacuum formed Yttria stabilized Zirconia 

cylinders for the inner lining of the flimace walls (see Chapter 2), some multi-metal data 

was taken examining cadmium/sodium and cadmium/lead multi-metal capture on 

kaolinite. Cadmium/lead multi-metal capture on kaolinite was re-examined once the new 

furnace had been built and the wall interference removed. However, the Cd/sodium 

multi-metal capture was not re-examined. Hence, this section attempts to salvage the 

results of the cadmium/sodium multi-metal investigation (with wall interference) by 
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comparing the lead/cadmium results with wall interference to those without wall 

interference. By analogy it is argued that the cadmium/sodium multi-metal interaction 

results were only affected by wall interference to the same degree and in the same 

manner as was the cadmium/lead system. For purposes of this comparison, all of the 

cadmium data used, single-metal as well as multi-metal, were taken from experiments 

performed before the furnace was rebuilt. 

Figure 6.8a and 6.8 b contain graphs of the Cd/Pb/kaolinite multi-metal 

interactions investigated on the old fiimace at the 1160 °C sorbent injection condition 

(see Fig. 2.9). The Cd/Pb/kaoIinite results shown in Figs. 6.8a and 6.8b are very similar 

to those of the Cd/Pb/kaolinite results from the new ftuniace, where wall interference had 

been eliminated (compare Figs. 6.8a and 6.8b with Figs. 6.1a and 6.1b). While the 

absolute magnitudes of the cadmium capture data are slightly different, the trends are the 

same. By analogy, it is concluded that the Cd/Na/kaolinite system, which is very similar 

to the Cd/Pb/kaolinite system (compare Figs. 6.8a and 6.8b with Figs. 6.9a and 6.9b), 

shows trends that are justifiable even though cadmium wall interference was present. 

Figure 6.9b illustrates that, except for the very high equivalence ratio data where the 

enhancing effects of sodium may be diminished, cadmium is clearly enhanced by the 

presence of sodium. In fact, even the high equivalence ratio data is consistent with 

enhancement, because the reaction of sodium with kaolinite eliminates the availability of 

many sites that cadmium would otherwise be able to react with, and yet the capture of 

cadmium is nearly that of what it was without sodium present. 
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The conclusion of this wall interference data comparison and analogy is that 

sodium behaves very similarly to lead in respect to its enhancing influence on the capture 

of cadmium by kaolinite at the 1160 °C sorbent injection condition of this work. 

6.7 Chapter 6 Summary 

Sodium and lead aluminosilicate products cause significant melting of the metal-

oxide/kaolinite product particles. This melt is predominantly self-enhancing at the 

temperatures investigated in this work (up to -1300 °C), through restructuring of the 

meta-kaolinite crystal to accommodate more metal (see sections 1.4 and 4.5). However, 

excess melting can cause inhibition in some instances by closing pores and hence access 

to unused sorbent material. This melting inhibition has been credited for the negative 

activation energy observed for lead [51] and sodium (see Chapter 4) capture on kaolinite 

in the same temperature range investigated in this work. Cadmium did not exhibit a 

eutectic melt at the 1160 °C sorbent injection condition of this work. Therefore, the 

presence of lead or sodium enhanced cadmium capture by inducing a self-enhancing 

eutectic melt, which also enhanced cadmium capture. Cadmium however, induces its 

own self-enhancing melt at the higher temperature condition (1280 °C). 

For the low and high temperature conditions in this work, total metal capture was 

significantly enhanced for the combination of lead and cadmium over either of the single-

metal data capture rates. This enhancement is attributed to the formation of an optimum 

eutectic melt, which provides enough melting to significantly increase sorbent utilization, 

while preventing the extreme melting that causes sorbent deactivation. Hence, kaolinite 

may be more effective at scavenging toxic metals in an actual incinerator where there are 
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multiple toxic metals present, than in a mock flue gas where only one toxic metal has 

been doped. The presence of sodium however, significantly reduced the capture of lead 

by kaolinite at both low and high temperatures, while sodium itself was relatively 

unhindered by the presence of lead. Sodium was shown to reduce the capture of lead 

both by direct dominant competition and by causing sorbent transformations that inhibit 

the capture of lead. Hence, sodium, which is often found in industrial combustors and 

incinerators, may significantly reduce the ability of kaolinite to scavenge toxic metals 

such as lead. On the other hand, sodium was found to behave similar to lead in terms of 

enhancing cadmium capture by kaolinite at the low temperature condition. 

The multi-metal data illustrated in this chapter cannot be adequately observed in 

the two-dimensional manner thus presented. In addition to equivalence ratio and 

residence time, the capture data are a function of the absolute in-flimace metal 

concentrations and the relative concentrations of one metal to another. Therefore, 

modeling is needed even to perform a complete qualitative examination of the multi-

metal data. In an attempt to adequately explore the bimetal data, qualitatively and 

quantitatively, global first order effect rate models have been developed and used to 

describe the bimetal interactions observed in this chapter. A discussion of these models 

is presented in Chapter 7. 
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CHAPTER 7 

MULTI-METAL INTERACTION MODELS 

7.1 Model Nomenclature 

The following nomenclature contains all terms for both models: 

S Unreacted Al203-2Si02 in a kaolinite particle. 

Pb Lead. 

Cd Cadmium. 

Na Sodium. 

P, Metail/sorbent product of species i ,  i.e., ?-Pb0-Al203-2Si02. 

D Deactivated sorbent, deactivated Al203-2Si02. 

Note: All concentrations are in Tmol/cc). 

Gas phase concentration of lead, all assumed to be in the oxide form (PbO). 

Cp^ Initial gas phase concentration of lead, all assumed to be in the oxide form (PbO). 

Gas phase concentration of cadmium, all assumed to be in the oxide form (CdO). 

Initial gas phase concentration of cadmium, all assumed to be in the oxide form 

(CdO). 

C vi, Gas phase concentration of sodium, all assumed to be in the oxide form (Na20). 
The assumption is for model purposes only. 

C Initial gas phase concentration of sodium, all assumed to be in the oxide form 

(Na20). 

C q  Concentration of catastrophically deactivated sorbent particulate in the furnace 
gas flow. 
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Concentration of unused sorbent particulate in the furnace gas flow, which is 

either active or may become active through surface renewal or other melting 
enhancement. 

I 

calculated slightly different to allow sodium more available sorbent than lead, 
due to the displacement of lead product by more reactive sodium hydroxide. 

Initial concentration of unused sorbent particulate in the furnace gas flow, which 

is either active or may become active through surface renewal or other melting 
enhancement. 

Cppi, Concentration of lead/kaolinite product in the flimace gas flow 

(?-Pb0-Al203-2Si02). 

Cpcj Concentration of cadmium/kaolinite product in the furnace gas flow 

(?-Cd0-Al203-2Si02). 

Cpf/a Concentration of sodium/kaolinite product in the furnace gas flow 

(?-Na20-Al203-2Si02). 

a Constant multiplier of the deactivated sorbent concentration, indicating that the 
catastrophic melt is slightly less deactivating for sodium capture than for lead. 

p Constant multiplier of the lead product for the calculation of available sorbent for 
reaction with sodium, reflecting that sodiiun displaces captured lead to react with 
its previously occupied site. 

Note: All rate constants and pre-exDonential factors are in (cc/moI-s'\. 

kpf, Global rate constant for the reaction of lead with kaolinite, which includes both 

the reaction rate and enhancement due to melting by the lead/kaolinite product. 

Global rate constant for the reaction of cadmium with kaolinite, which includes 

both the reaction rate and enhancement due to melting by the cadmium/kaolinite 
product. 

^Ecd Global rate constant for the enhancement of cadmium with kaolinite by the 
lead/kaolinite product. 
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Global rate constant for the reaction of sodium with kaolinite, which includes 

both the reaction rate and enhancement due to melting by the sodium/kaolinite 
product. 

Global rate constant for the deactivation of kaolinite through melting by the 
various metal oxide/kaolinite products. 

Aj Respective frequency factor for the Arrhenius expression used to represent the 
rate constants listed above. 

E, Respective activation energy for the Arrhenius expression used to represent the 
rate constants listed above (J/mol-K) 

t Residence time of the sorbent in the furnace (s). 

T In-Fumace gas temperature in Kelvin. 

The temperature/time histories were modeled using the relationships for the profiles 

given in Chapter 2. 

7.2 First Order Rate Effects 

Diverse multi-metal interaction mechanisms during the capture of metals by 

kaolinite clay powder at high temperatures (1160 °C to 1280 °C) contribute to the shape 

of the metal capture curves as a function of equivalence ratio (see Figs. 6.1 — 6.4). The 

number and diversity of the mechanisms involved make it difficult to model the 

interactions from a fundamental basis. However, the complicated nature of the 

inhibition, competition, and/or enhancement, which takes place due to these mechanisms, 

makes it difficult to explain the results without a model. Hence, a simple global model 

was developed to elucidate the first order effects of multi-metal interactions in this work, 

without any attempt to model the mechanisms on a more fundamental level. The first 

order effects in the models thus developed, include: 



150 

1) Intrinsic reaction rates and self-enhancing melting combined into a single rate 

constant for each individual metal species. 

2) Enhancement of the cadmium/kaolinite reaction by the presence of lead/kaolinite 

product. 

3) Catastrophic deactivation of kaolinite particles due to excessive melting as a function 

of the metal/kaolinite product. This deactivation was applied differently to each 

respective metal species. 

4) Direct competition for capture on aluminosilicate sites by the metal species present. 

5) Displacement of previously formed lead/kaolinite product by more reactive sodium 

oxide. 

Since metal capture for all experiments in this work exhibited no particle diameter 

dependence (zone-1 reaction, e.g., kinetically controlled), no bulk gas transport or pore 

diffusion considerations need to be included in the model (see sec. 3.6). However, the 

form of these global equations would not change even if transport were included. 

It has been postulated [40, 41] and there is evidence [40] that the reactive sodium 

species with kaolinite is NaOH. The model however, was constructed to describe the rate 

of formation of products, not regarding the reactive species. The primary reactive 

sodium products are based on sodium oxide according to the phase diagram [18, 19], 

such as Na20-Al203-28102. Other products formed allow the accommodation of more 

metal oxide per aluminosilicate than this product. This is true for lead and cadmium as 

well as sodium (see section 1.4 and section 4.2). Therefore, the concentration of sodium 

in the gas phase was based on Na20 for convenience. For all three metals, the oxide was 
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used to define the concentration of metal in the gas phase, and for lead and cadmium, the 

oxide is the reactant species, PbO and CdO. However, the actual sorbent utilization limit, 

and hence the concentration of sorbent, was chosen based on that experimentally 

observed, as shown in Chapter 4 (see Figs. 4.1a and 4.1b). 

7.3 Model I: Lead and Cadmium Bimetal Interactions with Kaolinite 

Lead/kaolinite global reaction rates have been previously defined [51] for the 

identical temperature/time histories as for the investigation in this work. Although in a 

slightly different form than presented by the previous investigator [51], this elementary 

model begins the more complex multi-metal model development. Davis and Wendt [51] 

developed a global rate effects model for the purpose of clarifying their lead/kaolinite 

rate data, akin to the modeling efforts in the present work. As such, the model is only a 

crude representation of the lead/kaolinite reaction and deactivation that actually takes 

place. However, the lead model [51] was developed from more extensive data and a 

much more extensive investigation of the lead/kaolinite single-metal system than has 

been undertaken in this multi-metal work. Therefore, it is not reasonable to attempt to 

develop a more accurate or sophisticated model than the one thus developed, and hence, 

this is our starting point. 

As shovm below, two competing rates are used to define the global mechanisms 

which govern the first order observed effects of lead capture on kaolinite as a function of 

temperature. Equation 7.1 describes the rate of lead capture by kaolinite, which includes 

the intrinsic rate and the self-enhancing melt process initiated by the lead/kaolinite 

product (see sections 1.4 and 4.2). On the other hand, Equ. 7.2 represents the 
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catastrophic deactivation of sorbent by the excessive melting of product particles, caused 

by the presence of lead/kaolinite product. This deactivation is modeled as a catalytic-like 

reaction of lead/kaolinite product with sorbent, since it is not an actual product formed 

but the formation of a eutectic melt that causes the catastrophic deactivation (see section 

6.5). 

Pb + S 7.1 

s + ppi^ ———> d + ppfj 7.2 

Cadmium/kaolinite capture can be easily modeled for the temperature range 

investigated, by a single global reaction shown in Equ. 7.3 (similar to Equ. 7.1). This 

single-metal cadmium capture relationship investigation was extensively discussed in 

chapter 5. 

Cd + S 7.3 

Global kinetic relationships for the combination of lead and cadmium on kaolinite 

comprise terms representing the enhancement of lead and cadmium capture on kaolinite 

by the presence of the foreign metal (i.e., cadmium enhancement by the presence of the 

lead/kaolinite product), in addition to the three equations presented above. However, 

these terms are not presented in a reaction equation lest it give the impression that a 

reaction involving the three components is being proposed. Rather, the mechanism being 

demonstrated is the increase in enhancing melt or decrease in the catastrophic 

deactivating melt caused by the change in the eutectic melt rate, due to the addition of 

another metal impurity. Accordingly, the following system of differential equations was 

developed to represent the cadmium/lead/kaolinite system of this work: 



153 

dC 
— —Ic C C 7 4 
— l^ph^pb'"s ' 

dt 

'c dcr.. ^ 

dt 

dC 

— —k c r —ic c c 
— t^cd^cd^s '^ecd^cd^s Pb, c° ^cd j 

7.5 

— = k[j{cppi, -2*cp^j)C^. where >0.0 7.6 
dt 

The second term in the right hand side of Equ. 7.5 represents the enhancement of 

cadmium capture due to the presence of lead. However, these terms should not be 

construed to mean that an actual reaction involving both lead and cadmium occurs. 

The cadmium capture enhancement is due to the meta-kaolinite crystal 

restructuring melt initiated by the lead/kaoUnite product but is a function of the initial 

lead to cadmium metal vapor concentration ratio, not the lead product. Basing the 

enhancement on the lead product would cause the enhancement to start out at zero and 

slowly increase to most significance toward the end of the reaction process. However, 

the opposite is true, with the greatest enhancement effect at the beginning of the reaction 

and when the concentration of lead vapor is high compared to that of cadmium. When 

this melting is high, the amount of melting enhancement per cadmium oxide 

concentration is high. As shown in Fig. 6.7, less than ten percent sorbent utilization by 

lead product was necessary to cause complete melting and sphere formation of the 

kaolinite product particles. Hence, the melting enhancement must occur nearly 

instantaneously when enhancing melt-inducing-metals are present at a high enough 

temperature. 
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The value of n = 1.9 was chosen to best fit the data. The enhancement is nearly 

second order, not only overcoming the direct first order competition for capture with the 

lead vapor, but enhancing the capture of cadmium even well above that of the capture 

expected, were lead not present (see Fig. 6.1b). The factor of two in Equ. 7.6 accounts 

for the two-fold sorbent deactivation dampening by the cadmium product. First of all, 

cadmium product formation prevents deactivating product formation by taking up 

available sorbent sites. Secondly, the cadmium/kaolinite product is much less prone to 

produce a catastrophic melt than the lead product. Cadmium product dampening of 

sorbent deactivation is actually more critical to the enhancement of lead capture than to 

the enhancement of cadmium capture. Cadmium product dampening was insufficient to 

predict the bimetal data using only a factor of one. 

The remaining parameters needed to solve this system of equations can be 

determined algebraically as follows: 

^ppb ~^pb ~^pb 

^pcd ~^cd ~^cd 

~^s ~^ppb ~^pcd ~^d 7.9 

The rate constants are modeled via an Arrhenius form. The frequency factor and 

activation energy constants associated with these rate constants are shown in Table 7.1. 

The original lead/kaolinite reaction and deactivation rate constants were determined by a 

previous single-metal kaolinite investigation [51], which based the total sorbent 

utilization limit on the formation of Pb0-Al203-2Si02. However, a more realistic sorbent 

utilization limit is that based on twice as much sorbent as predicted thereby. As 
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discussed in Chapter 1 and 4, a variety of different products were formed containing 1 to 

8 times as much lead oxide as alumina. This discrepancy was rectified by increasing the 

available sorbent concentration for the model by a factor of two more than the amount of 

Al203-2Si02 available (see Figs. 4. la and 4. lb). As discussed in Chapter 4, as a prelude 

to the development of the sodium/kaolinite model, the constants for the lead single-metal 

system were adjusted to account for this change in available sorbent. It can be shown 

that the activation energies are unaffected by the model adjustment to accommodate a 

higher available sorbent concentration. The remaining two rate constants (pre-

exponential factors) for the lead single-metal system were chosen to provide the best fit 

for the data. The previous investigation focused on lead capture at relatively high 

equivalence ratios [51]. Consequently, the main effect of increasing the available sorbent 

for the model was to better predict the low equivalence ratio data, while maintaining the 

prediction quality of the high equivalence ratio data. Table 7.1 contains the adjusted 

constant values. The constants for the cadmium/kaolinite reaction rate were also 

determined from the single-metal system (see Chapter 5, Equs. 5.1 and 5.2). The value of 

the remaining multi-metal model rate constant (enhancement constant) was chosen so as 

to fit the bimetal data obtained in this work (see Chapter 6). 

As shown in Table 7.1, the activation of the reaction rate for lead and sodium in 

the modeled temperature range is very small. However, the activation of the cadmium 

reaction rate is significant. The intrinsic reaction rate and self-enhancement due to metal-

product induced eutectic melts are combined in the reaction rate constants of this model. 

In fact, it is not possible to distinguish between the intrinsic rate behavior and 
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enhancement due to melting from this type of kinetic data (even if data was taken at more 

temperatures within the temperature range), since their effects are similar and in the same 

direction. However, from a comparison of cadmium capture temperature activation with 

that of lead and sodium, it is clear that the most significant increase in reaction rate is due 

to melting enhancement. The reason why the lead and sodium reaction rates are similar 

at the low and high temperature condition is because melting enhancement occurs at both 

the low and high temperature condition (see Fig. 6.7). On the other hand, cadmium self-

enhancing melt occurs primarily at the high temperature condition. 

Cadmium enhancement by the presence of lead is greatest at the low temperature 

condition where cadmium does not provide its own self-enhancing melt. This is reflected 

in the lack of activation of the kscd rate constant in Table 7.1. Since the high temperature 

cadmium reaction rate is high, the model enhancement term is much less insignificant at 

the high temperature condition. 

Table 7.1. Frequency factors and activation energies associated with the rate constants of 
Model I and 1 

Arrhenius 
Form 

Constants Constants 
'ko 

Constants 
kcd 

Constants 
kscd 

Constants 

Ei (J/mol.K) 0.0 l.leS 4.8e5 0.0 0.0 

Ai (cc/mol.s) 2.949e9 7.930el3 3.114e26 2.043e8 3.720e9 

1. Adapted from Davis and Wendt [51 ] for use with a stoichiometry increased by a factor 
of two. 

2. Constants for the single-metal Na/kaolinite system used in Model 11, placed here for 
convenience. 
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7.4 Model II: Sodium and Lead Bimetal Interactions with Kaolinite 

Sodium capture on kaolinite was modeled in the same maimer as lead capture on 

kaolinite (see Chapter 4, Equs. 4.3 through 4.5). Sodium/kaolinite and lead/kaolinite 

reaction products were observed to cause significant melting at both the low and high 

temperature conditions of this work. It was assumed that melting self-enhancement 

occurs with both lead and sodium even at the lowest temperature investigated in this 

work. The enhancement was not distinguished in the model from the intrinsic reaction 

rate. However, for the bimetal system of sodium and lead, no bimetal enhancement was 

observed in the data. A system of equations without bimetal enhancement was developed 

as follows: 

dc, 
• P b  = -kp^Cp^C^, where >0.0 7.10 

dt 

dC 
7.11 

dt 

^ = 7.12 

Again, the remaining parsimeters needed to solve this system of equations were 

determined algebraically as follows: 

^PPb ~ ̂ Pb ~ ̂ Pb 7.13 

^PNa~^Na~^Na 7.14 

— Cppij — Cp^^ — Cq 7.15 

— P' Cppi, — cc • Cp^a ~ 7.16 
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The inequality in Equ. 7.10 is a necessary imposed constraint due to the partial 

removal of the natural mass balance constraint by allowing different active sorbent 

concentrations for lead and sodium. Model I and Model II share certain aspects. Both 

models contain similar deactivation and reaction expressions, including the values of the 

constants, and both allow competition to some degree. 

The model shown above represents the observed phenomena. Sodium capture by 

kaolinite was less inhibited by the deactivating melt caused by lead, for the conditions of 

this investigation, than was lead. However, sodium reaction with kaolinite did cause a 

self-inhibiting catastrophic melt nearly as significant as that caused by lead (see Fig. 6.7). 

Therefore, sodium was given the same weight as lead in terms of its ability to deactivate 

the sorbent against the capture of lead (see Equs. 7.10, 7.12, and 7.15). Sodium capture 

was only slightly affected by the presence of lead, but lead capture was significantly 

hindered and even inhibited under the same conditions, by relatively small concentrations 

of sodium. Three first order effects, included in the model, were credited for this 

observed phenomena: 

1) Since the rate of sodium capture on kaolinite is faster than that of lead, much of the 

sodium (in some cases all of the sodium) was completely captured before significant 

sorbent deactivation took place. However, the completely captured sodium product 

could continue to cause a catastrophic melt that would inhibit the capture of lead. 

2) Sorbent deactivation affected lead capture slightly more than sodium capture, because 

the diffusion of sodium hydroxide through the pores of catastrophically melting meta-

kaolinite particles was greater than that of lead oxide (see Chapter 4). 
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3) Sodium completely dominates lead capture, such that sodium displaces some of the 

captured lead to react with the previously occupied sorbent. The actual mechanism 

may be as simple as sodium oxide reacting with a previously formed lead 

aluminosilicate product to force the products into separate silicates and aluminates 

(see Chapter 4). If this is the case, lead capture would be reduced by disallowing the 

formation of higher order lead aluminosilicate products and by sodium competing for 

capture on material already seized by lead. 

The model reflects both the higher reaction rate of sodium and less sodium 

inhibition due to catastrophic melting than lead inhibition. Item (1) above was modeled 

simply by using the reaction rates of the respective lead and sodium single-metal sorbent 

systems. Sorbent deactivation (see 2 above) was modeled (Equ. 7.12) using the 

deactivation equation proposed by Davis and Wendt [51], developed for lead, and 

adapted for sodium (see Chapter 4). However, according to the results of the sodium 

single metal system, the deactivation was slightly less significant for sodium by a factor 

of a =0.9 (see Chapter 4). Finally, it was found that sorbent deactivation and the 

difference in reaction rates alone was not enough to explain the sodium dominance 

observed in the lead/sodium bimetal data. Hence, (3) above was modeled by reducing the 

impact of lead product formation on the consumption of sorbent for reaction with sodium, 

by a factor of /3= 0.68, which value was chosen to provide the best fit to the data. The 

combination of these three model elements is equivalent to the lead having a limited 

effect on sodium capture, either through direct competition or through sorbent 

deactivation. 
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Notice that Equ. 7.10 above does not contain an additive term where lead is 

returned back into the bulk gas flow. It is considered unlikely that this is a significant 

mechanism. First, any lead displaced will react with another site if one is available. 

Second, any significant displacement of lead would occur late in the reaction process, 

when catastrophic melting of the sorbent substrate was prevalent, thus trapping any free 

lead located inside the sorbent pore structure. Finally, as discussed above, if sodium 

reacts with lead aluminosilicate product by separating it into a silicate and aluminate 

product, lead may already be trapped in a new but potentially lower capacity product. 

Hence, the most significant effect on lead, due to its displacement by sodium as modeled, 

would simply be the loss of additional active sorbent taken up by sodium oxide molecules 

and/or the inability to form higher order products containing more lead. 

The Arrhenius constants used for the respective rate constants of this model have 

already been obtained from the respective single-metal systems, as previously stated. 

Refer to Table 7.1 of this Chapter for the values of these constants. 

7.5 Cadmium Sodium Bimetal System 

A cadmium/sodium model could be assembled from sections of the bimetal 

systems already developed. However, only a limited amount of data is available for 

validation. In spite of this, likely sodium/cadmium interaction mechanisms can be 

postulated. First of all, consistent with the cadmium/sodium bimetal system data 

presented in Chapter 6, the presence of sodium will enhance cadmiimi capture similar to 

the enhancement observed in the cadmium/lead bimetal system, particularly at the low 

temperature condition. Similarly, the enhancement of total metal at the low and high 
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temperature condition will take place due to the dampening effects of cadmium product 

on the catastrophic deactivating melt caused by sodium. On the other hand, the 

dominance of sodium capture by kaolinite, in terms of reaction rate and displacement of 

other previously captured metal species, is greater than that of lead. It is possible that 

sodium may also react with previously formed cadmium aluminosilicate product 

separating it into separate silicate and aluminate products, which have less capacity to 

accommodate cadmium metal than aluminosilicate products. The formation of sodium 

aluminates or silicates alone accommodates as much sodium as the sodium 

aluminosilicate product. Hence, the system is likely to be very much like the 

lead/cadmium system, except with more dominance of sodium over cadmium capture 

than lead dominance over cadmium in that system. 

7.6 Validation of Models 

The systems of differential equations for both models were solved using the 

Runge-Kutta for Systems of Differential Equations Algorithm. Most of the constants for 

the models were obtained from the single-metal systems. The few remaining constants 

for each bimetal system were obtained by non-linear regression of the most significantly 

affected metal species capture. For example, the value of n and of were obtained to 

minimize the sum of the squares of the differences between predicted and measured 

cadmium capture values in the bimetal system of lead and cadmium. 

Validation of Model I 

Figure 7.1 demonstrates the validity of the adjustment to the existing lead model 

developed by Davis and Wendt [51] to allow the sorbent utilization limit to be based on 
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Figure 7.1. Validation of the lead-only model adjusted to accommodate a sorbent 
availability twice that based on the formation of Pb0-Al203-2Si02. Square symbols 
represent data obtained in this work. Circles represent data obtained by Davis and Wendt 
[51]. 
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Figure 7.2. Validation of the cadmium-only rate constants determined in Chapter 5 for 
capture by kaolinite. 
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twice the amount of sorbent as allowed for the original model. The lead capture data 

obtained in this work agree well with the data of the previous investigation, as shown in 

the figure. The new constants for the adjusted model are contained in Table 7.1. The 

model prediction ability for the high equivalence ratio single-metal data is as good as that 

of the original model, and the prediction of the low equivalence ratio data is much better. 

Figure 7.2 illustrates the prediction capability of the simple Arrhenius form to predict 

cadmium capture from the single-metal system using the rate constants determined in 

Chapter 5, for the temperature range of this investigation. The prediction capability is 

fair. The lead model benefits from having two expressions and three constants to fit the 

capture data compared to only two constants and one expression for the cadmium system. 

Figures 7.3a, 7.3b, and 7.3c illustrate the effectiveness of Model I at predicting 

the capture by kaolinite of lead, cadmium, and total metal, respectively, from a bimetal 

system of lead and cadmium. As shown, the model prediction capability' is reasonably 

good. The squared correlation coefficients are given in the figures. The model was 

developed only to describe first order observed rate effects, and given the complicated 

nature of the multi-metal reaction process, which is a function of many different 

fundamental and competing mechanisms, some scatter is expected. 

Validation of Model II 

Figures 7.4a, 7.4b, and 7.4c illustrate the effectiveness of Model II at predicting 

the capture by kaolinite of lead, sodium, and total metal, respectively, from a bimetal 

system of lead and sodium. The model prediction capability is even better than Model I, 

partly because the scatter in the data was less for this bimetal system and partly because 
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Figure 7.3a- Quantitative prediction validation of lead capture by kaolinite, from a 
bimetal system of lead and cadmium using Model I. 
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Figure 7.3b. Quantitative prediction validation of cadmium capture by kaolinite, from a 
bimetal system of lead and cadmium using Model I. 
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Figure 7.3c. Quantitative prediction validation of total metal capture by kaolinite, from a 
bimetal system of lead and cadmium using Model I. 
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Figure 7.4a. Quantitative prediction validation of lead capture by kaolinite, from a 
bimetal system of lead and sodium usiQg Model II. 
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Figure 7.4b. Quantitative prediction validation of sodium capture by kaolinite, from a 
bimetal system of lead and sodium using Model n. 
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Figure 7.4c. Quantitative prediction validation of total metal capture by kaolinite, from a 
bimetal system of lead and sodium using Model n. 
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the system modeled was less complicated. As with Model I, the squared correlation 

coefficients are given in the figures. 

The good correlation between predicted and actual values using primarily 

previously obtained single-metal rate constants is evidence that the first order effects 

incorporated into the form of the model are consistent with reality. 

The one inconsistency is that of under-predicting the lead capture for the two 

data-points in Fig. 7.4a at about 90% capture. This deviation is due to a problem with the 

model itself, which originated with the lead/kaolinite single-metal model developed 

earlier [51]. The discrepancy follows from the model's simplicity, in that it does not 

include a provision for the deactivating melt to become insignificant at high equivalence 

ratios, where excess sorbent is present. In the case of the two data points, there was 

approximately 4 times as much sorbent as necessary for complete metal capture. It is 

logical that the deactivating melt would become insignificant at high equivalence ratios. 

The purpose of both the original lead model [51] and the current multi-metal model were 

to elucidate and obtain more information from the data. In most instances the model has 

done that by predicting the data correctly. In this one instance, it has provided an 

understanding of the insignificance of the deactivation when excess sorbent is present by 

not predicting the data. Hence, the model has done its job. 

7.7 Model Predictions 

In order to illustrate the importance of the bimetal interaction mechanisms 

included in Model I, a comparison was made between predictions obtained using Model I 

and those made without including the bimetal interaction mechanisms. Figures 7.5a 
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through 7.5c show the results of predictions for lead, cadmium, and total metal capture by 

kaolinite from a bimetal system of 20 ppmv each of lead and cadmium. The system, 

without the bimetal model mechanisms included, allowed bimetal interaction via direct 

competition for sorbent use and lead product initiated sorbent deactivation, part of the 

single-metal system model. The lead product initiated sorbent deactivation was allowed 

to affect both metals equally, but the cadmium product was not a factor to either 

encourage or dampen the deactivation. 

As shown in Fig. 7.5a, lead capture was significantly under-predicted at the high 

temperature condition without the bimetal mechanisms. At the high temperature 

condition, the enhancement of lead capture was very significant, due to cadmium 

dampening of lead product initiated sorbent deactivation. However, the low temperature 

lead capture prediction is only slightly under-predicted, because the lead product initiated 

catastrophic melt at the low temperature condition is much less significant than at the 

high temperature condition. Consequently, cadmium dampening of the sorbent 

deactivation was much less effective at enhancing lead capture at the low temperature 

condition. Opposite trends are observed for the predicted capture of cadmium shown in 

Fig. 7.5b. The difference in predicted cadmium captxire at the high temperature condition 

is small, but large at the low temperature condition. In the case of cadmium, the 

dampening of sorbent deactivation does little to enhance its capture at the high 

temperature condition, because it has a high reaction rate, such that most of the cadmium 

is captured by the time the lead product induced sorbent deactivation becomes 
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Figure 7.5a. High and low temperature model predictions of lead capture by kaolinite 
from a bimetal system of 20 ppmv each of lead and cadmium oxide, illustrating the 
importance of the bimetal interactions on the predicted capture rates. 
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Figure 7.5b. High and low temperature model predictions of cadmium capture by 
kaolinite from a bimetal system of 20 ppmv each of lead and cadmium oxide, illustrating 
the importance of the bimetal interactions on the predicted capture rates. 
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Figure 7.5c. High and low temperature model predictions of total metal capture by 
kaolinite from a bimetal system of 20 ppmv each of lead and cadmium oxide, illustrating 
the importance of the bimetal interactions on the predicted capture rates. 
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significant. On the other hand, the low temperature condition is where cadmium capture 

benefits the most firom the enhancing lead product initiated melt. 

Figure 7.5c shows the difference in predicted total metal capture. The results are 

a combination of the lack of cadmium enhancement at the low temperature condition and 

of the lack of sorbent deactivation dampening (and thus lead enhancement) at the high 

temperature condition. Thus, the discrepancy at the low and high temperature conditions 

was similar. 

Model II is less complicated than Model I, and is essentially a direct combination 

of the single-metal models developed for lead and sodium. The only exception to that is 

sodium being allowed to react with previously formed lead/sorbent products. This was 

modeled by only allowing lead products to reduce the available sorbent for reaction with 

sodium by a factor of 0.68. The result of removing this bimetal interaction is obvious; 

the sodium capture will be under-predicted. The simplicity of the model speaks to its 

genuineness. Hence, no further implements will be forced upon it. 

7.8 Chapter 7 Summary 

A multi-metal interaction model was developed based on first order capture-rate 

effects observed for the bimetal system of lead and cadmiiim capture by kaolinite. The 

purpose of the model has been to elucidate the first order global mechanisms involved. It 

has been shown thereby that cadmium capture is enhanced by melting, initiated by the 

lead/kaoUnite reaction product, particularly at tlie low temperature condition. This 

enhancement is nearly second order with respect to the initial (in-flimace) lead/cadmium 

concentration ratio. Also, cadmium enhances lead capture by reducing the extent of 
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catastrophic melt caused by the lead/kaolinite product, particularly at the high 

temperature condition. TTie formation of an optimum eutectic melt accounts for the 

enhancement of total bimetal capture by kaolinite at the high and low temperature 

conditions, where a combination of lead and cadmium product causes melting with 

significant enhancement but without the catastrophic deactivation. 

A multi-metal interaction model was developed for the capture of lead and 

sodium on kaolinite based on global first order rate effect mechanisms. The primary 

parameters used in the model were global first order reaction rate and sorbent 

deactivation rate constants obtained from previous single-metal system investigations. 

The agreement between model and data is evidence that the first order effect mechanisms 

incorporated into the model are indeed correct. Hence, it has been shown that the 

following mechanisms govern the domination of sodium capture by kaolinite in the 

sodium/lead bimetal system at temperatures between 1100 °C and 1300 °C: 

1) Sodium has a higher reaction rate with kaolinite than does lead, allowing most of the 

sodium to be captured before significant deactivation occurs. 

2) Sodium capture contributes to the deactivating sorbent melt, which inhibits lead 

capture. However, this deactivation is slightly less significant for sodium capture, 

because the reactive sodium gas molecule, NaOH, diffuses more easily through the 

shrinking porosity of melted meta-kaolinite sorbent particles than the reactive lead 

species, PbO. 

3) Sodium capture on kaolinite dominates completely over lead capture, even to 

effectively displacing previously captured lead oxide molecules to take their occupied 



173 

sites. One possible explanation is that sodium reacts with lead oxide alnminosilicate 

product to separate it into silicate and aluminate products for which the lead capture 

capacity is lower. 

It has been shown, though not adequately represented in the single-metal models, 

that for excess sorbent conditions, less deactivated sorbent forms, and deactivation 

becomes insignificant at high equivalence ratios. Finally, extrapolation of the 

information elucidated by the Pb/Cd and Pb/Na models to the Cd/Na system, provided 

insights into the behavior of that system. Melt induced enhancement of cadmium capture 

initiated by the sodium product would explain the Na/Cd low temperature bimetal results 

shown in Fig. 6.8a and 6.8b. However, the domination of the sodium reaction at the high 

temperature condition is likely to be less favorable to the capture of cadmium, compared 

with the Pb/Cd system. Total metal capture will be enhanced in the bimetal 

sodium/cadmium system by dampening (via the cadmium product) of the sorbent 

deactivation caused by the sodium product induced catastrophic melt. However, the 

capture rates of cadmium are likely to be less in the presence of sodium than in the 

presence of lead. 
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CHAPTER 8 

CDEM COMPARED WITH CONVENTIONAL SORBENTS 

As discussed in Chapter 2, CDEM sorbent, so called after the name of the Dutch 

papermill consortium that developed the process to produce it, is a very strong cement 

additive made from deinking residues, a papermill waste product. The CDEM cement 

composition is similar to a heterogeneous mixture of kaolinite with condensed calcium 

carbonate [68], which makes its use as a sorbent somewhat comparable to a mixture of 

sorbents already studied in this work. Economically, CDEM sorbent may be more 

desirable than hydrated lime or kaolinite, especially since it is derived from a waste 

product for which there would otherwise be disposal costs. From chapters 4 through 7, 

we have found that kaolinite is effective at capturing lead, sodium, and cadmium from 

single-metal and multi-metal high temperature combustion systems, while hydrated lime 

is effective at capturing cadmium, but less effective at capturing lead or sodium. This 

chapter compares the effectiveness of CDEM sorbent with that of hydrated lime and 

kaolinite, focusing primarily on cadmium capture and the bimetal system of cadmium 

and lead. 

8.1 Reaction Regime 

As shown from comparing Figs. 2.11 and 2.14 (see Chapter 2), the CDEM 

sorbent used in this work has a much larger particle size distribution than the kaolinite or 

hydrated lime in this work. There are two possible sources of error that could occur due 

to the PSD difference, which would make comparison of the CDEM sorbent difficult. 

The first source of error would be due to transport limitation differences. However, as 
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discussed in. Chapter 3, there was no diameter dependence observed for any of the metal 

captured by sorbent in this work. As shown in Fig. 8.1, capture independent of sorbent 

particle diameter was observed for the CDEM sorbent at both the low and high 

temperature conditions. This suggests that the CDEM sorbent particles internal to 

external surface area ratio was much greater than one and that the capture controlling step 

was the reaction rate on the inner surfaces of particle pore walls. Therefore, the transport 

regime was in Zone I, and no differences due to transport resistance existed between 

different sized particles. 

The second source of error is the possibility of losing a larger fraction of CDEM 

sorbent through deposition on the sampling probe than for the other sorbents. It is a fact 

that larger particles are more likely, due to inertia, not to follow the gas stream but to 

deposit on the tip of or inside the sampling probe. This is of particular concern because 

the PSD of CDEM extends well beyond the resolution of the BLPI (see Fig. 2.16). 

However, the greatest loss of sorbent occurs in the sorbent injection system, including a 

water-cooled injection probe vnth a 90° tum at the tip. It is probable that the PSD of 

CDEM sorbent, existing in the furnace after injection, corresponds more to the resolution 

of the BLPI than does the parent sorbent. In fact, the smaller PSD of the in-flimace 

CDEM sorbent and the rapid dilution nitrogen quench in the sampling probe ensure that 

the sampled CDEM sorbent and products are much more representative of the in-flimace 

sorbent than the original sorbent. 

Samples collected on plate 11 of the BLPI were not used to determine capture, 

because the collection efficiency of that plate is more precarious [62]. However, the 
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amount of sorbent collected on that plate does provide a measure of the amount of 

sorbent sampled from the furnace having a PSD in excess of the BLPI resolution. On 

average there was 93 times as much sorbent collected on plates 6 through 10 of the 

impactor as collected on plate 11. There was also no indication of any unusual collection 

of CDEM sorbent other than on plate 11, outside of the BLPI, or in the sampling train. 

The body of evidence supports the theory that the bulk of the in-fumace CDEM sorbent 

was of a size distribution consistent with the resolution of the BLPI. 

In addition to the arguments discussed above, the impact of CDEM product 

particle sampling loss on the calculated capture was somewhat self-rectifying. Based on 

the fact that diameter independent capture by the CDEM sorbent was observed, it follows 

that a proportional amount of captured metal was lost along with sorbent, due to any 

deposition on the sampling probe tip. Sorbent loss will lower the equivalence ratio, while 

captured metal loss will lower the fraction of metal captured. These two errors work 

against each other to mitigate the overall error. In conclusion, it appears likely that a 

capture comparison of CDEM sorbent with the other sorbents of this work can be 

effective, even though their PSDs were different. 

8.2 Kinetic Comparison with Other Sorbents 

The nature of gas/particle reactions in entrained flow environments makes it 

unlikely that observed metal capture with respect to a changing equivalence ratio is 

merely due to equilibrium. In addition, similar experiments with kaolinite, in the same 

furnace and in the same temperature range at multiple residence times, have shown that 

the products of reaction are indeed kinetically controlled [41, 51], not just equilibrium 
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products. Rate curvature was not investigated in the present work. Based on the 

information obtained for the P°b/Cd/kaolinite and the Cd/hydrated lime systems 

investigated in this work, the IPb/Cd/CDEM system is expected to be highly complex, 

exhibiting multiple inflections in and beyond the temperature range investigated. In fact, 

three temperature conditions \;^ouId probably not be sufficient to quantitatively 

investigate the CDEM/multi-nietal systems in the temperature range of the present work. 

The objective of this CDEM kinetic investigation was only to obtain data for the 

cadmium single-metal system and the cadmium and lead bimetal system for comparison 

with the kaolinite and hydrate»d lime systems. Comparison can only be properly 

performed, even qualitativelyon the basis of capture obtained at similar equivalence 

ratios and absolute furnace comcentrations. Hence, metal capture on CDEM data were 

taken at the same two temperaature conditions used for the kaolinite and hydrated lime 

investigations in this work, as a fianction of equivalence ratio, at similar absolute furnace 

concentrations of metal and sorbent. 

Figures 8.2a and 8.2b illustrate the capture of lead and cadmium by CDEM 

sorbent at the low temperatures condition. Total sorbent utilization lines are plotted in 

Fig. 8.2a based on the single-oxide utilization of alumina alone. Keep in mind that in 

addition to the aluminosilicater material in CDEM sorbent, there is a considerable amount 

of calcium carbonate present, "which is not accounted for by the sorbent utilization limit 

lines. The limit lines are only presented to provide a reference and allow a point of 

comparison with the capture b»y kaolinite graphs presented in Chapter 6. The sparse lead-

only capture data were obtained from a very limited investigation by Davis [52]. The 



179 

Two Times Limit 
Line: qf = 2.*q) 

Single-Oxide Aluminosilicate 
Fomnaf on Limit (ff = q) 
Pb + Cd on CDEM 
Lead on CDEM 
Cadmium on CDEM 
Predicted Combined 
Capture by Kaolinite 
T  1  1  1  1  1  1  1  1  1  1  1  .  1  r -

1.5 2.0 2.5 3.0 3.5 

(p (alumina/total metal oxide) 
Figure 8.2a. Cadmium and lead capture by CDEM sorbent at the 1160 °C condition as a 
function of sorbent to metal oxide species molar ratio. 

100 

90 

80 

70 

60 

50 

40 

30 

(B 
3 
Q. 
CO 

o 
<A 0} 
'o (U 
Q. 

CO 
0) •g 
x 
O 
"to 
0) 20 

10 

0 

o 

• 
o 

O •o° 
o 

•
 

1
 1

 1
 

F 
I

'l
"

 

• • 

• Cadmium Only 
• o Cadmium with Lead 

• Lead Only 
• Lead with Cadmium 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

^ (alumina/individual metal oxide species) 

3.5 

Figure 8.2b. Cadmivmi and lead capture by CDEM sorbent at the 1160 °C condition as a 
function of total equivalence ratio. 



180 

indicatioa is that CDEM sorbent does not capture lead well at the low or high 

temperature condition (see also Figs. 8.3a and 8.3b). Cadmium capture however, was 

quite good at the low temperature condition and much better at the high temperature 

condition (see Figs. 8.3a and 8.3b). In fact, the capture of cadmium by CDEM was 

comparable to capture by kaolinite based on the sorbent alumina content. Compare the 

results in Figs. 8.2a through 8.3b with Figs. 6.1a through 6.2b. Also plotted on Figs. 8.2a 

and 8.3a are total capture model predictions of the Pb/Cd bimetal system (20 ppm lead 

and 20 ppm cadmium) by kaolinite. As shown, the capture of metal by kaolinite is quite 

similar to that by CDEM, based on the amoimt of alumina present in each sorbent. 

If the low lead capture data presented by Davis [52] is indicative of the ability of 

CDEM to capture lead by itself, then the bimetal system of cadmium and lead 

demonstrates extreme enhancement of cadmium, lead, and total metal capture. One 

possibility for the enhancement of lead capture by kaolinite is removal or breakup of 

inhibiting calcium carbonate through reaction v^ith cadmium. As shown in Chapter 5, 

cadmium is much more reactive with hydrated lime than either lead or sodium. For the 

lead-only system, the condensed calcium carbonate may have acted as an interference 

layer through which lead could not penetrate. However, for the bimetal system, cadmium 

reacted well with the calcium, thus breaking up the calcium carbonate interference layer 

through melting or othenvise mobilizing the calcium carbonate material, thus allov^g 

lead access to react with the aluminosilicate material. 

Some enhancement of cadmium capture probably occurred due to the enhancing 

meta-kaolinite melt caused by lead at the low temperature condition, just as in the 
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kaolinite system (see Chapters 6 and 7). At the high temperature condition, the capture 

of cadmium by CDEM in the bimetal system, is slightly less than at the low temperature 

condition, probably due to direct competition for capture on kaolinite with lead. Other 

than the multi-metal interaction mechanisms described above, it is likely that the primary 

reactions in the bimetal system are cadmium with calcium and lead with aluminosilicate. 

Consequently, the capture rate of cadmium and lead in a bimetal system are somewhat 

independent of each other, assuming that the removal of the calciimi carbonate 

interference layer is sufficient to allow lead access to the meta-kaolinite material. For the 

bimetal system (see Figs. 8.2 through 8.3), the high temperature condition did not provide 

significant advantage over the low temperature condition. This may be an important 

advantage of CDEM sorbent over more homogeneous sorbents such as kaolinite and 

hydrated lime. 

Figure 8.4a shows that the capture of cadmium alone and a mixture of cadmium 

and lead are captured more effectively by CDEM sorbent than cadmium alone is captured 

by hydrated lime at the low temperature condition, based on sorbent calcium 

concentration only. However, tlie capture rate of hydrated lime at the high temperature 

condition is much greater than that of CDEM (see Fig. 8.4b). The higher rate appears 

even more dominant when considering that the contribution of aluminosilicate material in 

CDEM sorbent was ignored in Fig. 8.4b. 

8.3 Sorbent Transformation Mechanisms 

The phase diagram for calcium oxide, alumina, and silica [18, 19] predict several 

stable products from the CaO/kaolinite reaction. Given the kinetic results of this work. 
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significant sorbent self-deactivation due to the formation of these products did not occur. 

This is not surprising, because of mixing limitations which exist between solid calcium 

carbonate and meta-kaolinite. Even when melting occurs, the mixing rate is probably 

much less than the gas difRision rate. However, it has been observed in this work, that 

1000 to 2000 ppm of chlorine tends to vaporize part of the calcium carbonate material to 

form calcium chloride. Vaporized calcium chloride can compete for capture with the gas 

phase toxic metals by the meta-kaolinite material. Hence, use of CDEM sorbent in 

chlorine environments may need to be in sufficient quantity to react with all of the 

chlorine and toxic metals present. 

Figures 8.5a and 8.5b show FE SEM micrographs of typical cadmium/CDEM 

product particles formed at the high temperature condition. As shown, some of the 

particles are completely spherical and others are semi-crystalline. However, a close 

examination of the micrographs reveals that the semi-crystalline particles are at least 

twice as big as the spherical particles. Furthermore, while sphere formation did not occur 

for the particles in Fig. 8.5a, significant melting is observed on the surface of these 

particles. It is probable that a significant enhancing melt occurred due to the presence of 

the cadmium/CDEM product, even for the large semi-crystalline particles. The semi-

crystalline structure is possibly a particle size effect, large particles taking more time to 

melt and form spheres than smaller particles. All particles shown contain significant 

quantities of calcium, alumina, and silica, determined via EDS analysis. CDEM sorbent 

itself was formed in high temperature environments, where some flash-calcination and 

melting occurred. However, the melting observed in the products was greater than that of 
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Figure 8.5a. Examples of semi-crystalline cadmium/CDEM product particles formed in 
the furnace at the high temperature condition. 

Figure 8.5b. Examples of spherical cadmium/CDEM product particles formed in the 
flimace at the high temperature condition. 
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the parent sorbent and is evidence that the capture of toxic metals by CDEM sorbent does 

benefit fi-om an enhancing melt of both the calcium and alumina parts of the sorbent, 

induced by metal/sorbent reaction products. 

8.4 Chapter 8 Summary 

CDEM sorbent has been shown to be very effective at capturing lead and 

cadmium from high temperature combustion environments. On a mass basis, more 

CDEM sorbent than kaolinite is necessary to capture metal at the same rate. However, 

based on the moles of alumina, CDEM sorbent was as effective as kaolinite at capturing 

either cadmium or a mixture of lead and cadmium. In addition, on a per calcium basis, 

capture by CDEM sorbent was also comparable to capture by hydrated lime. 

The presence of cadmium appeared to enhance the lead/CDEM reaction, which 

possibly occurs by breaking down the resistive calcium carbonate layers covering the 

meta-kaolinite material. Other than that, CDEM benefits over hydrated lime and 

kaolinite due to its heterogeneous nature, which allows partially independent reactions of 

lead with meta-kaolinite and cadmium with hydrated lime. Consequently, the 

effectiveness of CDEM at the low and high temperature conditions is similar. 

Perhaps most importantly, CDEM sorbent did not experience transport resistant 

capture, in spite of the large size distribution of in-fumace sorbent. This is important for 

both the economics of production and the practicality of CDEM sorbent use. This fact is 

emphasized by the extremely high CDEM sorbent utilization levels obtained at the high 

temperatures and short residence times of this work. Given that CDEM sorbent is made 
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from a pulp and papermill waste product, its economics could engender widespread 

appeal, especially in Europe where it is manufactured. 
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CHAPTER 9 

REVIEW AND RECOMMENDATIONS 

9.1 Contributions of this Work 

The research detailed in this dissertation has been performed in an effort to 

provide a solution to the problem of toxic metal emissions from high temperature 

combustion processes (see Chapter 1). Prior to this investigation, benchscale work had 

established the possibility that supermicron sized sorbent injection into high temperature 

environments might mitigate the emission of these toxic metals (see Chapter 2). 

Furthermore, laboratory scale work began to lay the foundation for the study of toxic 

metal emission abatement by powder sorbents at temperatures and residence times 

similar to those of actual industrial combustion environments. This work has built upon 

this foundation to raise the level of understanding of toxic metal capture by sorbents to an 

in-depth comprehension of the mechanisms, interactions, temperature dependence, and 

applicability of this technology for both single-metal and multi-metal environments, 

using sorbents of different composition, nature, and physical structure. The remainder of 

this section discusses accomplishments and findings of this work. 

The size fractionation method (SFM) developed previously [49, 50], has been 

improved and validated. This SFM enables the calculation of the percent capture of 

metal vapor by powder sorbents from high temperature combustion environments, using 

low pressure impactor sample sets. In general, the errors associated with this method are 

minor and can be conservatively compensated for. This SFM was found to be superior to 

previously used methods of determining capture of metal by sorbents in high temperature 
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combustion gas environments, particularly in relation to methods that use solubility to 

distinguish between reactiveiy captured and condensed metal. 

A clearer understanding of the mechanisms involved in the capture of sodium by 

kaolinite has been obtained. Specifically, the sodium/kaolinite reaction rate, based on all 

reactiveiy captured sodium (soluble and insoluble), was obtained. Sodium reaction with 

kaolinite exhibited a negative activation energy between 1100 °C and 1300 °C, due to a 

catastrophic melt initiated by the sodium/kaolinite product. This same catastrophic melt 

and negative activation energy has been shown and modeled for lead. Using a similar 

model as for lead, with slightly different rate constants, the sodium data was well 

predicted. 

Extensive utilization of Burgess 40 kaolinite by sodium was shown, even at the 

high temperatures and short residence times of industrial combustion environments. This 

sorbent utilization limit, based on the formation of sodium aluminosilicate, was often 

surpassed in this work, due to the formation of lower order products collectively capable 

of accommodating more sodium than aluminosilicate products. The relationship between 

the sodium/kaolinite products formed and their solubility was explained. 

Cadmium was found to be effectively captured by both kaolinite and hydrated 

lime. However, for both sorbents, the high temperature condition (1280 °C) produced 

much greater capture, due to an enhancing eutectic melt, initiated by the metal/sorbent 

products. At the high temperature condition, significant sorbent utilization was obtained, 

even to exceed the limit based on the formation of Cd0-Al203-2Si02. Temperature/time 

dependent global capture rates of cadmium by kaolinite and hydrated lime were obtained 
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(see Equ. 5.1 and 5.2) for the limited temperature range investigated. It is unknown what 

products form from the reaction of cadmium with hydrated lime. However, condensation 

was avoided by sampling above the dewpoint and using rapid dilution quench sampling 

(see Chapter 3). Therefore, the capture of cadmium by hydrated lime must have been by 

chemical reaction. 

At the 1160 °C sorbent injection condition, hydrated lime was shown to be much 

less effective at capturing lead and sodium than it was at capturing cadmium. Based on 

literature findings [3, 23, 39, 41, 51], it was hypothesized that (1) chlorine will enhance 

the capture of cadmium by hydrated lime, but will hinder cadmium capture on kaolinite 

by reducing the reactive gas-phase species (cadmium oxide), and (2) sulfur dioxide may 

also hinder the capture of cadmium by kaolinite and will have an even more important 

role in the capture of cadmium by hydrated lime. 

A multi-metal interaction model was developed based on first order capture-rate 

effects observed for the bimetal system of lead and cadmium with kaolinite. The purpose 

of the model was to elucidate the first order global mechanisms involved. It has been 

shown thereby that cadmium capture is enhanced by a melt initiated by the lead/kaolinite 

reaction product. This enhancement is approximately second order with respect to the 

initial (in-fumace) lead/cadmium concentration ratio. Also, cadmium enhances lead 

capture by reducing the extent of catastrophic melt caused by the lead/kaolinite product. 

The formation of an optimum eutectic melt accounts for the enhancement of total bimetal 

capture by kaolinite at the high and low temperature conditions, where a combination of 

lead and cadmium product causes melting with significant enhancement but without the 
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catastrophic deactivation. Hence, kaolinite may be more effective at scavenging toxic 

metals in an actual incinerator where there are multiple toxic metals present, than in a 

mock flue gas where only one toxic metal has been doped. 

Another multi-metal interaction model was developed for the capture of lead and 

sodium on kaolinite based on global first order rate effect mechanisms. It has been 

shown thereby, that the following mechanisms govern the domination of sodium capture 

by kaolinite in the sodium/lead bimetal system at temperatures between 1100 °C and 

1300 °C: 

1) Sodium has a higher reaction rate with kaolinite than does lead, allowing most of the 

sodium to be captured before significant deactivation occurs, in addition to 

dominating direct competition for capture. 

2) Sodium capture contributes to the deactivating sorbent melt, which inhibits lead 

capture. However, this deactivation is slightly less significant for sodium capture, 

because the reactive sodium gas molecule, NaOH, diffuses more easily through the 

shrinking porosity of melted meta-kaolinite sorbent particles than the reactive lead 

species, PbO. 

3) Sodium capture on kaolinite dominates completely over lead capture, even to 

effectively displacing previously captured lead oxide molecules to take their occupied 

sites. One possible explanation is that sodium reacts with lead oxide aluminosilicate 

product, separating it into silicate and aluminate products for which the lead capture 

capacity is lower, and some of the lower order constituents are taken to form sodium 

products. 
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Hence, sodium, which is often found in industrial combustors and incinerators, may 

significantly reduce the ability of kaolinite to scavenge toxic metals such as lead. On the 

other hand, sodium was found to behave similar to lead in terms of enhancing cadmium 

capture by kaolinite at the low temperature condition. 

CDEM sorbent has been shown to be very effective at capturing lead and 

cadmium from high temperature combustion environments. The presence of cadmium 

may enhance the lead/CDEM reaction by breaking down the resistive calcium carbonate 

layers covering the meta-kaolinite material. CDEM benefits over hydrated lime and 

kaolinite due to its heterogeneous nature, which allows partially independent reactions of 

lead with meta-kaolinite and cadmium with hydrated lime. Perhaps most importantly, 

CDEM sorbent did not experience transport resistant capture, in spite of the large size 

distribution of in-fumace sorbent. This is important for both the economics of production 

and the practicality of CDEM sorbent use. This fact is emphasized by the extremely high 

CDEM sorbent utilization levels obtained at the high temperatures and short residence 

times of this work. Given that CDEM sorbent is made from a pulp and papermill waste 

product, its economics could engender widespread appeal, especially in Europe where it 

is manufactured. 

9.2 The Next Step 

Some additional benchtop and laboratory scale research remains to be done. 

Particularly, a more in depth study of cadmium and multi-metal capture by hydrated lime 

and/or CDEM sorbent in the presence of chlorine and/or sulfur dioxide could provide 

important information. In addition, benchtop work on mercury capture and speciation 
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continues at the University of Arizona, Chemical Engineering Department, and the 

United States Environmental Protection Agency, in Raleigh, North Carolina. There are 

also a number of other toxic metals of concern, such as arsenic and selenium, which have 

been studied less extensively. However, other than these points of possible continued 

fundamental research, the level of understanding has reached a stage where the next step 

may be taken. 

The next step is to implement this technology into existing or pilot scale 

incinerators. Toward this objective, CDEM Holland B.V. will be integrating this 

technology into a number of waste incinerator plants in Holland in the coming years. The 

implementation of sorbent injection is envisioned to be independent from fuel or main air 

flows. Ideally, sorbent injection would occur above the burners at a temperature in the 

range of the high temperature condition examined in this work. Higher temperatures not 

only run the risk of metal product induced sorbent deactivation but also sorbent 

deactivation through uninduced sorbent melting and structural transformations of meta-

kaolinite to form inactive mulite. In addition, attempts to inject kaolinite directly through 

the burners have shown severe problems of rapid fouling due to a sticky kaolinite deposit 

on the burner nozzles. 
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APPENDIX 

Herein contained are the raw flame-AA measurements of metal concentrations on 

each plate of tlie BLPI for each fumace run for which quantitative metal capture by 

sorbents as a function of equivalence ratio was calculated. Along with the data, 

uncertainties are presented for the data of each element. These uncertainties are not 

merely the standard deviations of ten 0.5 second measurements, as has been reported by 

other investigators. These uncertainties account for the flame-AA measuring precision, 

which varies significantly for each element and is a function of the absolute 

concentration. The uncertainties herein presented, also account for errors in sample 

preparation, lack of mixing in the sample (snap cap) viols, operator error, errors in 

digestion, and errors in sample transfer from the impactor to the sample viols. However, 

the uncertainties should not be construed to account for total uncertainty for the run, as 

uncertainty in furnace conditions, including sampling rate, temperature, pressure, and 

residence time, are not included. 

The uncertainties in the following graphs should be interpreted to mean plus or 

minus the given concentration. For example, if the measured concentration of sodium 

was 4.43 ppm with an uncertainty of 0.027, the concentration of sodium on that plate was 

measured as 4.43 +/- 0.027 ppm, with a 95% confidence. 
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Table A.Na.Kao. 1. Sodium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm IJ- ppm ppm y" ppm ppm y" ppm fJ-

1 4.43 0.027 0.0 0.05 0.0 0.20 
2 — — 2.27 0.016 — 0.0 0.05 0.0 0.20 
-> — 1.25 0.011 — 0.0 0.05 0.0 0.20 
4 — 0.60 0.008 — 0.0 0.05 0.0 0.20 
5 — 0.30 0.007 — 0.0 0.05 0-0 0.20 
6 — 0-72 0.009 — 0.5 0.08 0.0 0.20 
7 — 2.04 0.015 — 1.6 0.13 1.8 0.56 
8 — 1.51 0.013 — 1.1 0.11 0.7 0.34 
9 — 0.16 0.006 — 0.1 0.06 0.4 0.28 
10 — 0.12 0.006 — 0.3 0.07 0.3 0.26 
11 0.05 0.005 0.0 0.05 0.0 0.20 

Table A.Na.Kao.2. Sodium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm ppm ppm H- ppm y" ppm A 

1 3.65 0.023 0.0 0.05 0.0 0.20 
2 — 2.07 0.015 — 0.0 0.05 0.0 0.20 
o J — 1.12 0.011 — 0.0 0.05 0.0 0.20 
4 — 0.71 0.009 — 0.0 0.05 0.0 0.20 
5 — 0.40 0.007 — 0.2 0.06 0.4 0.28 
6 — 0.83 0.009 — 0.7 0.09 0.7 0.34 
7 — 2.65 0.018 — 2.2 0-16 2.0 0.60 
8 — 2.18 0.016 — 2.3 0.17 1.2 0.44 
9 — 0.27 0.006 — 0.3 0.07 0.1 0.22 

10 — 0.19 0.006 — 0.5 0.08 0.4 0.28 
11 0.06 0.005 0.1 0.06 0.0 0.20 
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Table A.Na.Kao 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm A ppm ppm ppm ppm 

1 2.04 0.015 0.0 0.05 0.0 0.20 
2 — — 0.38 0.007 — 0.0 0.05 0.0 0.20 

— — 0.23 0.006 — 0.0 0.05 0.0 0.20 
4 — — 0.23 0.006 — 0.0 0.05 0.0 0.20 
5 — — 0.44 0.007 — 0.3 0.07 0.3 0.26 
6 — 1.32 0.012 — 1.6 0.13 1.3 0.46 
7 — 4.44 0.027 — 5.1 0.31 5.3 1.26 
8 — 3.55 0.023 — 3.7 0.24 3.9 0.98 
9 — 0.35 0.007 — 0.4 0.07 0.3 0.26 
10 — 0.13 0.006 — 0.5 0.08 0.0 0.20 
11 0.08 0.005 0.1 0.06 0.0 0.20 

Table A.Na.Kao.4. Sodium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm fJ- ppm ppm ppm 

1 0.98 0.010 0.0 0.05 0.0 0.20 
2 — — 0.29 0.006 — 0.0 0.05 0.0 0.20 
3 — — 0.18 0.006 — 0.0 0.05 0.0 0.20 
4 — — 0.22 0.006 — 0.0 0.05 0.0 0.20 
5 — — 0.36 0.007 — 0.3 0.07 0.3 0.26 
6 — — 1.31 0.012 — 1.9 0.15 1.4 0.48 
7 — — 4.37 0.027 — 5.7 0.34 5.6 1.32 
8 — — 3.42 0.022 — 4.2 0.26 3.7 0.94 
9 — — 0.53 0.008 — 0.9 0.10 0.3 0.26 
10 — — 0.22 0.006 — 0.6 0.08 0.2 0.24 
11 0.08 0.005 0.2 0.06 0.0 0.20 
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Table A.Na.Kao.5. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm ppm H- ppm ppm y" 

1 2.36 0.017 0.0 0.05 0.6 0.32 
2 — — 3.17 0.021 — 0.0 0.05 0.7 0.34 
3 — — 18.40 0.097 — 0.0 0.05 0.2 0.24 
4 — — 21.44 0.112 — 0.0 0.05 0.0 0.20 
5 — — 1.06 0.010 — 0.0 0.05 0.5 0.30 
6 — — 2.10 0.016 — 1.4 0.12 1.3 0.46 
7 — — 5.51 0.033 — 5.6 0-33 6.6 1.52 
8 — — 13.88 0.074 — 11.1 0.61 13.6 2.92 
9 — — 1.33 0.012 — 0.9 0.10 1.5 0.50 

10 — — 0.15 0.006 — 0.0 0.05 1.9 0.58 
11 0.03 0.005 0.0 0.05 0.0 0.20 

Table A.Na.Kao.6. Sodium capture by kaolinite at the high temperature conc ition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm ppm H- ppm ppm 

1 3.19 0.021 0.0 0.05 0.0 0.20 
2 — — 2.85 0.019 — 0.0 0.05 0.4 0.28 
3 — — 3.48 0.022 — 0.0 0.05 0.5 0.30 
4 — — 7.13 0.041 — 0.0 0.05 0.0 0.20 
5 — — 0.23 0.006 — 0.0 0.05 1.0 0.40 
6 — — 0.60 0.008 — 0.6 0.08 1.6 0.52 
7 — — 4.29 0.026 — 3.5 0.23 4.7 1.14 
8 — — 9.96 0.055 — 8.1 0.46 10.0 2.20 
9 — — 0.99 0.010 — 0.8 0.09 1.5 0.50 
10 — — 0.03 0.005 — 0.0 0.05 1.4 0.48 
11 0.00 0.005 0.0 0.05 0.9 0.38 
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Table A.Na.Kao.7. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm 

H-
ppm ppm ppm ppm y" 

I 3.35 0.022 0.0 0.05 0.3 0.26 
2 — — 2.04 0.015 — 0-0 0.05 0.5 0.30 
o J — — 2.30 0.017 — 0.0 0.05 0.2 0.24 
4 — — 2.40 0.017 — 0.0 0.05 0.2 0.24 
5 — — 0.26 0.006 — 0.0 0.05 0.0 0.20 
6 — — 2.42 0.017 — 2.7 0.19 3.8 0.96 
7 — — 12.40 0.067 — 11.1 0.61 13.7 2.94 
8 — — 12.88 0.069 — 12.8 0.69 14.3 3.06 
9 — — 1.10 0.011 — 1.4 0.12 1.1 0.42 
10 — — 0.02 0.005 — 0.1 0.06 0.2 0.24 
11 0.00 0.005 0.1 0.06 0.1 0.22 

Table A.Na.Kao.8. Sodium capture by kaolinite at the high temperature conc ition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm ppm ppm ppm y" ppm y" 

1 2.25 0.016 0.0 0.05 0.0 0.20 
2 — — 2.46 0.017 — 0.0 0.05 0.0 0.20 
-y 
J — — 1.33 0.012 — 0.0 0.05 0.5 0.30 
4 — — 1.43 0.012 — 0.0 0.05 0.0 0.20 
5 — — 0.32 0.007 — 0.3 0.07 0.4 0.28 
6 — — 2.55 0.018 — 2.2 0.16 2.9 0.78 
7 — — 10.80 0.059 — 10.2 0.56 10.9 2.38 
8 — — 12.00 0.065 — 12.6 0.68 12.7 2.74 
9 — — 1.56 0.013 — 1.9 0.15 1.6 0.52 
10 — — 2.03 0.015 — 3.6 0.23 3.6 0.92 
11 —- 1.64 0.013 2.5 0.18 2.5 0.70 
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Table A. 

Plate Lead Cadmium Sodiimi Calcium Aluminum Silicon 
ppm H- ppm ppm A ppm ppm ppm 

1 1.68 0.013 0.0 0.05 0.4 0.28 
2 — — 0.74 0.009 — 0.0 0.05 0.5 0.30 
J — — 1.13 0.011 — 0.0 0.05 0.3 0.26 
4 — — 1.47 0.012 — 0.0 0.05 0.4 0.28 
5 — — 0.33 0.007 — 0.4 0.07 1.1 0.42 
6 — — 2.83 0.019 — 3.4 0.22 1.4 0.48 
7 — — 19.36 0.102 — 16.1 0.86 14.8 3.16 
8 — — 19.68 0.103 — 13.4 0.72 14.2 3.04 
9 — — 2.24 0.016 — 3.3 0.22 3.7 0.94 

10 — — 1.74 0.014 — 3.9 0.25 4.5 1.10 
11 1.63 0.013 3.2 0.21 2.4 0.68 

Table A.Na.Kao. 10. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm A 

1 0.25 0.006 0.0 0.05 0.0 0.20 
2 — — 0.14 0.006 — 0.0 0.05 0.0 0.20 
J — — 0.07 0.005 — 0.0 0.05 0.2 0.24 
4 — — 0.11 0.006 — 0.0 0.05 0.3 0.26 
5 — — 0.22 0.006 — 0.3 0.07 0.0 0.20 
6 — — 1.35 0.012 — 1.9 0.15 0.0 0.20 
7 — — \5.12 0.084 — 9.8 0.54 9.0 2.00 
8 — — 13.68 0.073 — 8.1 0.46 6.2 1.44 
9 — — 1.15 0.011 — 2.1 0.16 2.1 0.62 
10 — — 0.80 0.009 — 1.4 0.12 0.3 0.26 
11 --- 1.42 0.012 2.7 0.19 0.6 0.32 
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Table A.Na.Kao.l 1. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm fJ- ppm H- ppm ppm 

I 2.38 0.017 0.0 0.05 0.1 0.22 
2 — — 2.74 0.019 — 0.0 0.05 0.4 0.28 
J — — 3.22 0-021 — 0.0 0.05 0.8 0.36 
4 — — 1.42 0.012 — 0.0 0.05 0.7 0.34 
5 — — 0.36 0.007 — 0.0 0.05 0.9 0.38 
6 — — 2.04 0.015 — 1-6 0.13 1.8 0.56 
7 — 10.68 0.058 — 10.3 0.57 10.3 2.26 
8 — 15.80 0.084 — 19.2 1.01 20.0 4.20 
9 — 4.81 0.029 — 13.5 0.73 13.7 2.94 
10 — 1.72 0.014 — 6.1 0.36 7.4 1.68 
11 1.15 0.011 3.6 0.23 3.0 0.80 

Table A.Na.Kao. 12. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm H- ppm A ppm 

/" 
ppm ppm H-

1 3.22 0.021 0.0 0.05 0.1 0.22 
2 — — 5.21 0.031 — 0.0 0.05 0.3 0.26 
J — — 2.26 0.016 — 0.0 0.05 0.5 0.30 
4 — — 1.25 0.011 — 0.0 0.05 0.4 0.28 
5 — — 0.90 0.010 — 0.5 0.08 0.7 0.34 
6 — — 2.30 0.017 — 2.8 0.19 2.9 0.78 
7 — — 11.52 0.063 — 12.6 0.68 13.7 2.94 
8 — — 12.08 0.065 — 16.3 0.87 16.8 3.56 
9 — — 3.41 0.022 — 9.3 0.52 10.1 2.22 
10 — — 1.42 0.012 — 5.3 0.32 6.4 1.48 
11 0.29 0.006 0.2 0.06 0.9 0.38 
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Table A.Na.Kao.I3. Sodium capture by kaolinite at the high temperature condition-

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm fJ- ppm fJ- ppm ppm y- ppm 

1 1.07 0.010 0.0 0.05 0.4 0.28 
2 — — 0.87 0.009 — 0.2 0.06 1.0 0.40 
3 — — 0.65 0.008 — 0.4 0.07 1.1 0.42 
4 — — 0.70 0.009 — 0.9 0.10 1.1 0.42 
5 — — 0.96 0.010 — 1.9 0.15 2.4 0.68 
6 — — 2.98 0.020 — 4.4 0.27 4.9 1.18 
7 — — 10.00 0.055 — 12.1 0.66 12.2 2.64 
8 — — 11.88 0.064 — 16.8 0.89 17.9 3.78 
9 — — 4.78 0.029 — 11.9 0.65 12.5 2.70 
10 — — 1.87 0.014 — 6.7 0.39 7.1 1.62 
11 0.70 0.009 2.2 0.16 2.4 0.68 

Table A.Na.Kao.l4. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm 

/" 
ppm ppm ppm 

1 0.96 0.010 0.0 0.05 0.4 0.28 
2 — — 0.95 0.010 — 0.1 0.06 0.2 0.24 
J — — 0.64 0.008 — 0.1 0.06 0.2 0.24 
4 — — 0.48 0.007 — 0.4 0.07 0.1 0.22 
5 — — 0.54 0.008 — 0.5 0.08 0.6 0.32 
6 — — 2.69 0.018 — 2.7 0.19 2.9 0.78 
7 — — 11.48 0.062 — 12.3 0.67 12.3 2.66 
8 — — 12.40 0.067 — 15.6 0.83 15.7 3.34 
9 — — 3.49 0.022 — 7.0 0.40 7.2 1.64 
10 — — 1.17 0.011 — 3.2 0.21 3.5 0.90 
11 0.53 0.008 0.7 0.09 1.4 0.48 
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Table A.Na.Kao.l5. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm ppm ppm ppm y" 

1 0.37 0.007 0.0 0.05 0.1 0.22 
2 — 0.27 0.006 — 0.0 0.05 0.3 0.26 
-> J — 0.27 0-006 — 0.0 0.05 0.0 0.20 
4 — 0.42 0.007 — 0-0 0.05 0.1 0.22 
5 — 0.64 0.008 — 0.8 0.09 1.0 0.40 
6 — 2.94 0.020 — 3.5 0.23 3.6 0-92 
7 — 13.72 0.074 — 17.3 0.92 17.2 3-64 
8 — 13.88 0.074 — 20.1 1.06 21.3 4.46 
9 — 4.05 0.025 — 8.4 0.47 12.2 2.64 

10 — 1.60 0.013 — 4.4 0.27 4.3 1.06 
11 0.37 0.007 0-9 0.10 1.0 0.40 

Table A.Na.Kao.I6. Sodium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm ppm ppm ppm 

1 0.23 0.006 0.0 0.05 0.1 0.22 
2 — — 0.21 0.006 — 0.0 0.05 0.2 0.24 
3 — — 0.24 0.006 — 0.0 0.05 0.1 0.22 
4 — — 0.45 0.007 — 0.3 0.07 0.3 0.26 
5 — — 0.79 0.009 — 0.9 0.10 1.1 0.42 
6 — — 3.06 0.020 — 4.0 0.25 3.7 0.94 
7 — — 12.00 0.065 — 16.3 0.87 16.5 3.50 
8 — — 12.00 0.065 — 19.3 1.02 19.1 4.02 
9 — — 3.43 0.022 — 7.7 0.44 7.8 1.76 
10 — — 1.52 0.013 — 4.2 0.26 4.2 1.04 
11 —- 0.34 0.007 0.8 0.09 0.6 0.32 
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Table A.Pb.Kao. 1. Lead capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm M ppm ppm ppm ppm ppm 

I 3.3 0.22 0.0 0.05 0.0 0.20 
2 1.4 0.12 — — — 0.0 0.05 0.0 0.20 
J 1.2 0.11 — — — 0.0 0.05 0.0 0.20 
4 1.0 0.10 — — — 0.0 0.05 0.0 0.20 
5 0.7 0.09 — — — 0.0 0.05 0.0 0.20 
6 1.2 0.11 — — — 0.2 0.06 0.2 0.24 
7 3.8 0.24 — — — 1.3 0.12 1.9 0.58 
8 5.2 0.31 — — — 1.7 0.14 2.7 0.74 
9 0.5 0.08 — — — 0.0 0.05 0.8 0.36 
10 0.2 0.06 — — — 0.0 0.05 0.0 0.20 
11 0.1 0.06 0.0 0.05 0.0 0.20 

Table A.Pb.Kao.2. Lead capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm 

1 0.9 0.10 0.0 0.05 0.0 0.20 
2 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
3 0.2 0.06 — — — 0.0 0.05 0.0 0.20 
4 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
5 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
6 0.8 0.09 — — — 0.3 0.07 1.3 0.46 
7 3.8 0.24 — — — 1.8 0.14 3.2 0.84 
8 4.4 0.27 — — — 1.7 0.14 3.8 0.96 
9 0.4 0.07 — — — 0.0 0.05 1.4 0.48 
10 0.1 0.06 — — — 0.0 0.05 1.0 0.40 
11 0.0 0.05 0.0 0.05 0.0 0.20 
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Table A.Pb.Kao.3. Lead capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm 

// ppm ppm ppm fJ- ppm y" ppm 

1 2.3 0.17 0.0 0.05 0.0 0.20 
2 0.8 0.09 — — — 0.0 0.05 0.0 0.20 
J 0.6 0.08 — — — 0.0 0.05 0.0 0.20 
4 0.7 0.09 — — — 0.0 0.05 0.0 0.20 
5 0.7 0.09 — — — 0.2 0.06 0.0 0.20 
6 1.0 0.10 — — — 0.4 0.07 1.1 0.42 
7 3.9 0.25 — — — 2.3 0.17 3.5 0.90 
8 6.1 0.36 — — — 2.7 0.19 4.2 1.04 
9 0.6 0.08 — — — 0.0 0.05 1.6 0.52 
10 0.2 0.06 — — — 0.0 0.05 1.8 0.56 
11 0.1 0.06 0.0 0.05 0.9 0.38 

Table A.Pb.Kao.4. Lead capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm ppm ppm fJ- ppm ppm 

1 1.2 0.11 0.0 0.05 0.0 0.20 
2 0.6 0.08 — — — 0.0 0.05 0.0 0.20 
3 0.7 0.09 — — — 0.0 0.05 0.0 0.20 
4 0.5 0.08 — — — 0.0 0.05 0.0 0.20 
5 0.5 0.08 — — — 0.0 0.05 0.1 0.22 
6 1.0 0.10 — — — 0.3 0.07 1.6 0.52 
7 4.3 0.27 — — — 2.2 0.16 3.5 0.90 
8 5.3 0.32 — — — 2.1 0.16 3.3 0.86 
9 0.6 0.08 — — — 0.1 0.06 1.3 0.46 
10 0.2 0.06 — — — 0.0 0.05 0.8 0.36 
11 0.1 0.06 0.0 0.05 0.0 0.20 
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Table A.Pb.Kao.5. Lead capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm A ppm ppm y" ppm 

1 1.0 O.IO 0.0 0.05 0.0 0.20 
2 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
3 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
4 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
5 0.4 0.07 — — — 0.0 0.05 0.0 0.20 
6 1.1 O.ll — — — 0.6 0.08 1.3 0.46 
7 4.3 0.27 — — — 2.4 0.17 3.6 0.92 
8 7.0 0.40 — — — 2.3 0.17 3.7 0.94 
9 0.9 0.10 — — — 0.3 0.07 1.4 0.48 

10 0.3 0.07 — — — 0.2 0.06 1.8 0.56 
11 0.1 0.06 — -— 0.0 0.05 1.0 0.40 

Table A.NaPb.Kao.l. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm ppm A ppm ppm ppm y" 

1 9.4 0.52 0.72 0.009 0.0 0.05 0.0 0.20 
2 48.2 2.46 — 3.21 0.021 — 0.0 0.05 0.0 0.20 
3 53.2 2.71 — 3.79 0.024 — 0.0 0.05 0.0 0.20 
4 18.6 0.98 — 1.61 0.013 — 0.0 0.05 0.0 0.20 
5 5.3 0.32 — 0.49 0.007 — 0.0 0.05 0.0 0.20 
6 2.2 0.16 — 0.41 0.007 — 0.3 0.07 0.0 0.20 
7 0.9 0.10 — 0.84 0.009 — 0.6 0.08 0.6 0.32 
8 0.6 0.08 — 0.75 0.009 — 0.5 0.08 0.5 0.30 
9 0.0 0.05 — 0.23 0.006 — 0.2 0.06 0.0 0.20 
10 0.0 0.05 — 0.20 0.006 — 0.2 0.06 0.6 0.32 
11 0.0 0.05 0.21 0.006 0.1 0.06 0.3 0.26 
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Table A.NaPb.Kao.2. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodivun Calcium Aluminum Silicon 
ppm fJ- ppm H- ppm fJ- ppm P- ppm fJ- ppm y" 

1 9.3 0.52 0.73 0.009 0.0 0.05 0.0 0.20 
2 49.6 2.53 — 3.40 0.022 — 0.0 0.05 0.0 0.20 
3 86.0 4.35 — 3.50 0.023 — 0.0 0.05 0.0 0.20 
4 22.6 1.18 — 1.52 0.013 — 0.0 0.05 0.0 0.20 
5 5.4 0.32 — 0.53 0.008 — 0.0 0.05 0.0 0.20 
6 3.0 0.20 — 0.46 0.007 — 0.3 0.07 0.0 0.20 
7 2.1 0.16 — 1.17 0.011 — 0.9 0.10 0.5 0.30 
8 1.9 0.15 — 1.03 0.010 — 0.8 0.09 0.1 0.22 
9 0.7 0.09 — 0.24 0.006 — 0.2 0.06 0.1 0.22 
10 0.5 0.08 — 0.22 0.006 — 0.1 0.06 0.1 0.22 
11 0.6 0.08 0.22 0.006 0.2 0.06 0.0 0.20 

Table A.NaPb.Kao.3. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm H- ppm A ppm ppm H- ppm H-

1 5.1 0.31 0.56 0.008 0.0 0.05 0.0 0.20 
2 36.6 1.88 — 1.86 0.014 — 0.0 0.05 0.0 0.20 
o J 40.6 2.08 — 1.99 0.015 — 0.0 0.05 0.0 0.20 
4 15.5 0.83 — 0.85 0.009 — 0.0 0.05 0.0 0.20 
5 3.3 0.22 — 0.33 0.007 — 0.2 0.06 0.0 0.20 
6 2.3 0.17 — 0.59 0.008 — 0.6 0.08 0.4 0.28 
7 2.4 0.17 — 1.95 0.015 — 2.0 0.15 1.7 0.54 
8 2.0 0.15 — 1.90 0.015 — 2.0 0.15 1.5 0.50 
9 0.6 0.08 — 0.42 0.007 — 0.5 0.08 0.2 0.24 
10 0.5 0.08 — 0.28 0.006 — 0.4 0.07 0.2 0.24 
11 0.0 0.05 --- 0.23 0.006 -— 0.4 0.07 0.0 0.20 
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Table A.NaPb.Kao.4. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm M ppm H- ppm 

// 
ppm ppm H- ppm 

1 4.3 0.27 0.40 0.007 0.0 0.05 0.0 0.20 
2 39.4 2.02 — 1.96 0.015 — 0.0 0.05 0.0 0.20 
3 42.6 2.18 — 1.97 0.015 — 0.0 0.05 0.0 0.20 
4 17.3 0.92 — 0.89 0.009 — 0.0 0.05 0.0 0.20 
5 J.J 0.22 — 0.31 0.007 — 0.0 0.05 0.0 0.20 
6 2.6 0.18 — 0.55 0.008 — 0.6 0.08 0.2 0.24 
7 3.0 0.20 — 1.87 0.014 — 2.1 0.16 2.3 0.66 
8 2.6 0.18 — 1.75 0.014 — 1.8 0.14 2.0 0.60 
9 0.7 0.09 — 0.35 0.007 — 0.4 0.07 0.6 0.32 
10 0.4 0.07 — 0.35 0.007 — 0.6 0.08 1.3 0.46 
11 0.3 0.07 — 0.29 0.006 0.4 0.07 0.4 0.28 

Table A.NaPb.Kao.5. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm P- ppm ppm H- ppm ppm H-

1 7.2 0.41 0.11 0.006 0.0 0.05 0.0 0.20 
2 4.7 0.29 — 0.09 0.005 — 0.0 0.05 0.0 0.20 
3 2.7 0.19 — 0.05 0.005 — 0.0 0.05 0.0 0.20 
4 1.7 0.14 — 0.05 0.005 — 0.1 0.06 0.0 0.20 
5 0.7 0.09 — 0.06 0.005 — 0.2 0.06 0.4 0.28 
6 1.6 0.13 — 0.21 0.006 — 1.0 0.10 0.9 0.38 
7 6.3 0.37 — 1.14 0.011 — 5.6 0.33 5.3 1.26 
8 8.5 0.48 — 1.13 0.011 — 6.5 0.38 5.3 1.26 
9 2.3 0.17 — 0.18 0.006 — 2.0 0.15 1.7 0.54 
10 0.7 0.09 — 0.07 0.005 — 1.1 0.11 1.0 0.40 
11 0.3 0.07 0.06 0.005 0.3 0.07 0.3 0.26 
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Table A.NaPb.Kao.6. Sodium and lead bimetal acapture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm M ppm ppm M ppm 

1 6.9 0.40 0.10 0.0065 0.0 0.05 0.0 0.20 
2 4.9 0.30 — 0.09 0.0055 — 0.0 0.05 0.0 0.20 
3 3.3 0.22 — 0.06 0.0055 — 0.0 0.05 0.0 0.20 
4 1.9 0.15 — 0.05 0.0055 — 0.0 0.05 0.0 0.20 
5 0.8 0.09 — 0.07 0.0055 — 0.1 0.06 0.0 0.20 
6 1.6 0.13 — 0.22 0.0065 — 1.1 0.11 1.0 0.40 
7 5.9 0.35 — 1.03 0.0100 — 5.5 0.33 4.9 1.18 
8 10.4 0.57 — 1.40 0.012: — 8.4 0.47 7.7 1.74 
9 3.0 0.20 — 0.24 0.0065 — 2.8 0.19 2.6 0.72 
10 0.9 O.IO — 0.09 0.0055 — 1.3 0.12 1.1 0.42 
11 0.3 0.07 0.12 0.0065 —- 0.3 0.07 0.1 0.22 

Table A.NaPb.Kao.7. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm H- ppm A ppm ppm P- ppm H-

1 0.7 0.09 0.01 0.005: 0.0 0.05 0.0 0.20 
2 1.9 0.15 — 0.01 0.005: — 0.0 0.05 0.0 0.20 
3 1.7 0.14 — 0.01 0.005 • — 0.0 0.05 0.0 0.20 
4 0.6 0.08 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
5 0.1 0.06 — 0.02 0.005 — 0.1 0.06 0.0 0.20 
6 0.9 0.10 — 0.08 0.005 — 0.8 0.09 0.6 0.32 
7 8.7 0.49 — 1.28 0.011 — 7.6 0.43 6.7 1.54 
8 26.6 1.38 — 2.51 0.018. — 18.0 0.95 15.5 3.30 
9 5.2 0.31 — 0.19 0.006- — 3.6 0.23 6.2 1.44 
10 0.6 0.08 — 0.02 0.005 — 0.6 0.08 0.9 0.38 
11 1.2 0.11 0.03 0.005 —- 1.2 0.11 2.9 0.78 
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Table A.NaPb.Kao.8. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm ppm ppm ppm H- ppm 

1 0.5 0.08 0.00 0.005 0.0 0.05 0.0 0.20 
2 1.3 0.12 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
o J 1.0 0.10 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
4 0.6 0.08 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
5 0.3 0.07 — 0.02 0.005 — 0.0 0.05 0.0 0.20 
6 1.0 0.10 — 0.08 0.005 — 0.8 0.09 1.7 0.54 
7 9.5 0.53 — 1.17 0.011 — 8.2 0.46 9.2 2.04 
8 24.5 1.28 — 1.95 0.015 — 17.3 0.92 18.0 3.80 
9 5.4 0.32 — 0.18 0.006 — 4.1 0.26 4.6 1.12 
10 1.1 0.11 — 0.03 0.005 — 1.0 0.10 1-3 0.46 
11 2.2 0.16 0.06 0.005 2.0 0.15 2.3 0.66 

Table A.NaPb.Kao.9. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm H- ppm // ppm fJ- ppm ppm y" 

1 1.1 0.11 0.00 0.005 0.0 0.05 0.0 0.20 
2 5.2 0.31 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
3 10.8 0.59 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
4 4.4 0.27 — 0.01 0.005 — 0.0 0.05 0.0 0.20 
5 0.7 0.09 — 0.02 0.005 — 0.3 0.07 0.0 0.20 
6 0.7 0.09 — 0.06 0.005 — 0.4 0.07 0.9 0.38 
7 4.7 0.29 — 0.74 0.009 — 3.2 0.21 4.2 1.04 
8 13.1 0.71 — 1.37 0.012 — 7.7 0.44 8.2 1.84 
9 2.5 0.18 — 0.08 0.005 — 1.3 0.12 2.0 0.60 
10 0.4 0.07 — 0.01 0.005 — 0.3 0.07 1.0 0.40 
11 0.4 0.07 0.01 0.005 0.5 0.08 0.5 0.30 
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Table A.NaPb.Kao.lO. Sodium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm H- ppm y" ppm y- ppm ppm y" 

1 1.0 0.10 0.04 0.005 0.0 0.05 0-0 0.20 
2 4.5 0.28 — 0.05 0.005 — 0.0 0.05 0.0 0.20 
J 9.9 0.55 — 0.06 0.005 — 0.0 0.05 0.0 0.20 
4 3.9 0.25 — 0.07 0.005 — 0.0 0.05 0.0 0.20 
5 0.5 0.08 — 0.07 0.005 — 0.0 0.05 0.0 0.20 
6 0.8 0.09 — 0.15 0.006 — 0.1 0.06 0.1 0.22 
7 4.6 0.28 — 0.84 0.009 — 3.6 0.23 3.6 0.92 
8 12.6 0.68 — 1.49 0.012 — 7.6 0.43 8.0 1.80 
9 2.2 0.16 — 0.19 0.006 — 1.3 0.12 1.2 0.44 
10 0.4 0.07 — 0.06 0.005 — 0.1 0.06 0.2 0.24 
11 0.3 0.07 0.05 0.005 0.2 0.06 0.3 0.26 

Table A.NaPb.Kao. 11. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm H- ppm ppm ppm ppm y" 

1 5.9 0.35 0.69 0.008 0.0 0.05 0.0 0.20 
2 20.0 1.05 — 1.87 0.014 — 0.0 0.05 0.2 0.24 
o 0 45.0 2.30 — 5.63 0.033 — 0.0 0.05 0.4 0.28 
4 41.9 2.15 — 8.37 0.047 — 0.0 0.05 0.1 0.22 
5 32.5 1.68 — 2.85 0.019 — 0.1 0.06 0.0 0.20 
6 9.5 0.53 — 1.52 0.013 — 0.6 0.08 1.2 0.44 
7 5.1 0.31 — 3.46 0.022 — 2.3 0.17 3.1 0.82 
8 3.8 0.24 — 3.49 0.022 — 2.6 0.18 3.0 0.80 
9 0.7 0.09 — 0.99 0.010 — 1.2 0.11 1.7 0.54 
10 1.3 0.12 — 2.42 0.017 — 3.7 0.24 4.3 1.06 
11 0.4 0.07 —- 0.84 0.009 1.1 0.11 1.4 0.48 
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Table A.NaPb.Kao.l2. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm A ppm ppm ppm M 

1 7.3 0.42 0.62 0.008 0.0 0.05 0.0 0.20 
2 24.9 1.30 — 2.20 0.016 — 0.0 0.05 0.2 0.24 
«> 

J 47.2 2.41 — 7.09 0.040 — 0.0 0.05 0.1 0.22 
4 47.4 2.42 — 7.68 0.043 — 0.0 0.05 0.0 0.20 
5 19.8 1.04 2.02 0.015 — 0.0 0.05 0.0 0.20 
6 8.1 0.46 1.16 0.011 — 0.7 0.09 1.0 0.40 
7 6.5 0.38 3.23 0.021 — 2.7 0.19 2.1 0.62 
8 7.0 0.40 4.93 0.030 — 3.5 0.23 3.8 0.96 
9 1.3 0.12 0.91 0.010 — 0.8 0.09 1.4 0.48 

10 1.8 0.14 1.21 0.011 — 1.9 0.15 2.8 0.76 
11 0.3 0.07 0.28 0.006 — 0.3 0.07 1.2 0.44 

Table A.NaPb.Kao.13- Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm U ppm ppm ppm 

I 5.3 0.32 0.29 0.006 0.0 0.05 1.0 0.40 
2 28.4 1.47 — 1.36 0.012 — 0.0 0.05 0.8 0.36 
3 55.9 2.85 — 3.38 0.022 — 0.0 0.05 0.8 0.36 
4 48.6 2.48 — 2.94 0.020 — 0.0 0.05 0.9 0.38 
5 7.2 0.41 — 0.56 0.008 — 0.1 0.06 0.5 0.30 
6 5.5 0.33 — 1.79 0.014 — 1.7 0.14 2.2 0.64 
7 11.8 0.64 — 6.06 0.035 — 6.7 0.39 8.2 1.84 
8 10.6 0.58 — 7.01 0.040 — 7.0 0.40 7.7 1.74 
9 3.2 0.21 — 1.83 0.014 — 2.2 0.16 3.2 0.84 

10 2.0 0.15 — 1.19 0.011 — 1.9 0.15 2.3 0.66 
11 1.2 0.11 1.05 O.OlO 1.3 0.12 2.7 0.74 
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Table A.NaPb.Kao.l4. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm y" ppm H- ppm H- ppm 

1 3.1 0.21 0.13 0.006 0.0 0.05 0.0 0.20 
2 27.2 1.41 — 1.33 0.012 0.0 0.05 0.1 0.22 
3 68.0 3.45 — 4.75 0.029 0.0 0.05 0.0 0.20 
4 30.5 1.58 — 1.69 0.013 0.0 0.05 0.1 0.22 
5 3.9 0.25 — 0.33 0.007 0.1 0.06 0.0 0.20 
6 5.1 0.31 — 1.64 0.013 1.4 0.12 1.2 0.44 
7 11.8 0.64 — 8.52 0.048 8-0 0.45 8.4 1.88 
8 12.0 0.65 — 9.44 0.052 9.3 0.52 9.7 2.14 
9 4.8 0.29 — 2.70 0.019 3.3 0.22 3.4 0.88 
10 2.6 0.18 — 1.74 0.014 2.5 0.18 2.3 0.66 
11 1.5 0.13 1.17 0.011 1.5 0.13 1.4 0.48 

Table A.NaPb.Kao.15. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm H- ppm ppm ppm ppm 

1 2.3 0.17 0.02 0.005 0.0 0.05 0.0 0.20 
2 11.6 0.63 — 0.03 0.005 0.0 0.05 0.0 0.20 
3 34.1 1.76 — 0.06 0.005 0.0 0.05 0.0 0.20 
4 15.0 0.80 — 0.11 0.006 0.3 0.07 0.2 0.24 
5 3.4 0.22 — 0.22 0.006 0.6 0.08 0.4 0.28 
6 6.7 0.39 — 0.54 0.008 2.9 0.20 0.9 0.38 
7 33.5 1.73 — 1.57 0.013 12.7 0.69 14.3 3.06 
8 40.3 2.07 — 5.65 0.033 36.1 1.86 38.8 7.96 
9 30.5 1.58 — 4.82 0.029 19.2 1.01 21.5 4.50 

10 8.9 0.50 — 1.66 0.013 8.7 0.49 10.6 2.32 
11 1.7 0.14 0.34 0.007 1.4 0.12 0.2 0.24 
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Table A.NaPb.Kao.l6. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Alimiinum Silicon 
ppm ppm ppm ppm ppm ppm 

1 1.4 0.12 0.04 0.005 0.0 0.05 0.7 0.34 
2 2.2 0.16 — 0.04 0.005 — 0.0 0.05 0.3 0.26 
3 2.5 0.18 — 0.06 0.005 — 0.4 0.07 0.6 0.32 
4 0.9 0.10 — 0.01 0.005 — 0.4 0.07 0.3 0.26 
5 1.2 0.11 — 0.03 0.005 — 0.6 0.08 0.7 0.34 
6 4.5 0.28 — 0.05 0.005 — 1.9 0.15 2.8 0.76 
7 23.3 1.22 — 0.23 0.006 — 11.0 0.60 11.7 2.54 
8 35.5 1.83 — 1.07 0.010 — 21.3 1.12 22.7 4.74 
9 11.2 0.61 — 1.05 0.010 — 7.0 0.40 8.0 1.80 
10 3.9 0.25 — 0.30 0.007 — 2.3 0.17 5.3 1.26 
11 0.6 0.08 0.07 0.005 0.2 0.06 0.5 0.30 

Table A.NaPb.Kao. 17. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm A ppm ppm M ppm 

1 0.7 0.09 0.02 0.005 0.0 0.05 0.8 0.36 
2 4.3 0.27 — 0.20 0.006 — 0.0 0.05 0.8 0.36 
3 36.8 1.89 — 0.69 0.008 — 0.0 0.05 0.8 0.36 
4 17.0 0.90 — 0.51 0.008 — 0.2 0.06 0.5 0.30 
5 2.5 0.18 — 0.41 0.007 — 0.4 0.07 0.8 0.36 
6 2.3 0.17 — 1.71 0.014 — 2.1 0.16 2.7 0.74 
7 9.5 0.53 — 17.92 0.095 — 12.0 0.65 12.9 2.78 
8 14.5 0.78 — 21.80 0.114 — 19.2 1.01 20.2 4.24 
9 3.8 0.24 — 3.71 0.024 — 7.7 0.44 8.4 1.88 

10 2.7 0.19 — 2.27 0.016 — 6.1 0.36 7.2 1.64 
11 0.6 0.08 0.60 0.008 1.3 0.12 1.9 0.58 
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Table A.NaPb.Kao.18. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm P- ppm ppm ppm ppm 

1 0.5 0.08 0.05 0.005 0.0 0.05 0.0 0.20 
2 3.6 0.23 — 0.05 0.005 — 1.8 0.14 0.0 0.20 
3 32.0 1.65 — 0.69 0.008 — 0.0 0.05 0.0 0.20 
4 15.6 0.83 — 0.50 0-008 — 0.0 0.05 0.0 0.20 
5 1.7 0.14 — 0.29 0.006 — 0.3 0.07 0.7 0.34 
6 2.9 0.20 — 1.71 0.014 — 2-2 0.16 2.9 0.78 
7 8.5 0.48 — 9.88 0.054 — 9-9 0.55 13.7 2.94 
8 14.6 0.78 — 12.92 0-070 — 19.3 1.02 20.5 4.30 
9 5.0 0.30 — 3.25 0.021 — 6.1 0.36 7.6 1.72 

10 2.6 0.18 — 1.38 0.012 — 3.4 0.22 5.7 1.34 
11 0.5 0.08 0.36 0.007 0.6 0.08 1.7 0.54 

Table A.NaPb.Kao.I9. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm H-

1 0.7 0.09 0.02 0.005 0.0 0.05 1.3 0.46 
2 3.6 0.23 — 0.05 0.005 — 0.0 0.05 1.7 0.54 
3 21.6 1.13 — 0.38 0.007 — 0.0 0.05 0.2 0.24 
4 6.3 0.37 — 0.31 0.007 — 0.4 0.07 0.2 0.24 
5 1.1 0.11 — 0.42 0.007 — 0.7 0.09 0.7 0.34 
6 2.5 0.18 — 1.80 0.014 — 2.7 0.19 3.2 0.84 
7 9.9 0.55 — 10.28 0.056 — 13.6 0.73 15.4 3.28 
8 14.2 0.76 — 14.40 0.077 — 21.8 1.14 23.9 4.98 
9 6.5 0.38 — 3.38 0.022 — 7.0 0.40 8.3 1.86 
10 2.6 0.18 — 1.17 0.011 — 4.2 0.26 5.5 1.30 
11 1.2 0.11 0.64 0.008 1.4 0.12 2.3 0.66 
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Table A.NaPb.Kao.20. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm U ppm ppm M ppm ppm ppm U 

1 0.8 0.09 0.03 0.005 0.0 0.05 1.1 0.42 
2 4.4 0.27 — 0.08 0.005 — 0.0 0.05 0.7 0-34 
J 20.9 1.10 — 0.44 0.007 — 0.0 0.05 0.4 0-28 
4 6.9 0.40 — 0-33 0.007 — 0.1 0.06 0.4 0.28 
5 1.1 0.11 — 0.39 0.007 — 0.5 0.08 1.1 0-42 
6 1.9 0.15 — 1.41 0.012 — 2.5 0.18 2.9 0-78 
7 10.9 0.60 — 10-72 0.059 — 12.7 0-69 14.4 3.08 
8 18.6 0.98 — 14.40 0.077 — 18.8 0-99 24.0 5.00 
9 6.0 0.35 — 2.71 0.019 — 6.1 0.36 7.0 1.60 
10 2.6 0.18 — 0.89 0.009 — 3.0 0.20 4.0 1.00 
11 0.7 0.09 0.30 0.007 0.6 0.08 1.4 0.48 

Table A.NaPb.Kao.2L Sodium and lead bimetal capture by kaolinite at the high 
temperatiure condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm M ppm ppm ppm ppm ppm M 

1 0.9 0.10 0.05 0.005 0.0 0.05 0.3 0.26 
2 2.1 0.16 — 0.10 0.006 — 0.0 0.05 1.1 0.42 
J 4.4 0.27 — 0.26 0.006 — 0.3 0.07 1.0 0.40 
4 1.4 0.12 — 0.33 0.007 — 0.5 0.08 1.7 0.54 
5 0.7 0.09 — 0.54 0.008 — 0.8 0.09 1.7 0.54 
6 2.2 0.16 — 1.76 0.014 — 3.2 0.21 3.4 0.88 
7 11.3 0.62 — 9.16 0.051 — 15.1 0.81 19.0 4.00 
8 22.0 1.15 — 11.52 0.063 — 23.5 1.23 27.7 5.74 
9 8.6 0.48 — 3.29 0.021 — 8.9 0.50 10.8 2.36 
10 3.8 0.24 — 1.27 0.011 — 5.2 0.31 7.3 1.66 
11 1.1 0.11 0.41 0.007 1.3 0.12 2.8 0.76 
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Table A.NaPb.Kao.22. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm fJ- ppm ppm // ppm y" 

I 0.7 0.09 0.02 0.005 0.0 0.05 2.6 0.72 
2 1.8 0.14 — 0.06 0.005 — 0.0 0.05 4.6 1.12 
o J 3.5 0.23 — 0.16 0.006 — 0.2 0.06 4.4 1.08 
4 1.1 0.11 — 0.19 0.006 — 0.2 0.06 1.6 0.52 
5 0.6 0.08 — 0.52 0.008 — 0.8 0.09 1.3 0.46 
6 1.5 0.13 — 1.33 0.012 — 2.3 0.17 3.6 0.92 
7 11.3 0.62 — 10.36 0.057 — 15.1 0.81 19.4 4.08 
8 22.1 1.16 — 11.56 0.063 — 24.9 1.30 28.5 5.90 
9 8.7 0.49 — 3.93 0.025 — 11.8 0.64 13.3 2.86 
10 4.2 0.26 — 1.26 0.011 — 5.7 0.34 7.2 1.64 
11 1.0 0.10 0.42 0.007 —- 1.2 0.11 1.9 0.58 

Table A.NaPb.Kao.23. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm H- ppm A ppm H- ppm ppm 

1 1.0 0.10 0.16 0.006 0.0 0.05 0.3 0.26 
2 6.1 0.36 — 0.21 0.006 — 0.0 0.05 0.6 0.32 
3 25.5 1.33 — 0.36 0.007 — 0.1 0.06 1.1 0.42 
4 12.4 0.67 — 0.53 0.008 — 0.5 0.08 1.4 0.48 
5 3.0 0.20 — 0.86 0.009 — 1.2 0.11 2.2 0.64 
6 3.6 0.23 — 1.95 0.015 — 3.4 0.22 4.4 1.08 
7 8.2 0.46 — 4.80 0.029 — 7.9 0.45 7.8 1.76 
8 10.2 0.56 — 6.24 0.036 — 11.6 0.63 11.7 2.54 
9 7.8 0.44 — 5.22 0.031 — 12.0 0.65 12.0 2.60 
10 3.2 0.21 — 2.24 0.016 — 6.7 0.39 7.3 1.66 
11 1.5 0.13 0.90 0.010 2.2 0.16 2.6 0.72 
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Table A.NaPb.Kao.24. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm ppm ppm ppm ppm U 

1 1.4 0.12 0.15 0.006 0.0 0.05 0.1 0.22 
2 7.0 0.40 — 0.18 0.006 — 0.0 0.05 0.3 0.26 
o J 21.6 1.13 — 0.27 0.006 — 0.0 0.05 0.6 0.32 
4 10.1 0.56 — 0.22 0.006 — 0.0 0.05 0.7 0.34 
5 1.4 0.12 — 0.27 0.006 — 0.2 0.06 0.4 0.28 
6 2.3 0.17 — 0.94 0.010 — 0.8 0.09 0.4 0.28 
7 7.5 0.43 — 4.12 0.026 — 6.1 0.36 6.6 1.52 
8 9.1 0.51 — 4.40 0.027 — 7.7 0.44 8.3 1.86 
9 1.7 0.14 — 0.87 0.009 — 1.6 0.13 4.7 1.14 
10 0.7 0.09 — 0.39 0.007 — 0.8 0.09 0.9 0.38 
11 0.3 0.07 0.30 0.007 0.0 0.05 0.2 0.24 

Table A.NaPb.Kao.25. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm 

1 1.0 0.10 0.14 0.006 0.0 0.05 0.2 0.24 
2 4.8 0.29 — 0.17 0.006 — 0.0 0.05 0.1 0.22 
J  10.0 0.55 — 0.18 0.006 — 0.0 0.05 0.3 0.26 
4 4.1 0.26 — 0.21 0.006 — 0.0 0.05 0.7 0.34 
5 0.8 0.09 — 0.35 0.007 — 0.0 0.05 0.8 0.36 
6 2.7 0.19 — 1.14 0.011 — 1.6 0.13 1.5 0.50 
7 11.0 0.60 — 5.09 0.030 — 9.0 0.50 8.7 1.94 
8 14.8 0.79 — 5.63 0.033 — 11.6 0.63 11.6 2.52 
9 2.5 0.18 — 0.96 0.010 — 1.8 0.14 3.7 0.94 
10 0.7 0.09 — 0.37 0.007 — 0.8 0.09 0.9 0.38 
11 0.2 0.06 0.25 0.006 0.0 0.05 0.1 0.22 
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Table A.NaPb.Kao.26. Sodium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum SilicO'H 
ppm ppm ppm ppm ppm ppm 

1 0.9 0.10 0.14 0.006 0.0 0.05 0.1 0D.22 
2 4.8 0.29 — 0.16 0.006 — 0.0 0.05 0.3 CD.26 
o  
J  10.6 0.58 — 0.18 0.006 — 0.0 0.05 0.3 0D.26 
4 4.1 0.26 — 0.21 0.006 — 0.0 0.05 0.8 08.36 
5 0.9 0.10 — 0.35 0.007 — 0.3 0.07 0.9 a.38 
6 2.6 0.18 — 1.24 0.011 — 1.9 0.15 2.1 Ot.62 
7 10.8 0.59 — 5.45 0.032 — 9.3 0.52 8.8 1 .96 
8 15.2 0.81 — 5.93 0.035 — 12.1 0.66 11.5 2r.50 
9 2.7 0.19 — 0.98 0.010 — 1.9 0.15 2.2 0*.64 

10 0.9 0.10 — 0.41 0.007 — 0.9 0.10 1.0 0«.40 
11 0.2 0.06 —- 0.23 0.006 0.0 0.05 0.6 0«.32 

Table A.Cd.Kao.l. Cadmium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicom 
ppm ppm ppm ppm ppm H- ppm 

1 0.24 0.031 0.0 0.05 
2 — 0.56 0.039 — — 0.2 0.06 — 

J  — 2.23 0.081 — — 0.4 0.07 — 

4 — 2.95 0.099 — — 1.0 0.10 — 

5 — 1.78 0.070 — — 2.8 0.19 — 

6 — 2.71 0.093 — — 6.3 0.37 — 

7 — 5.33 0.158 — — 17.2 0.91 — 

8 — 4.48 0.137 — — 15.9 0.85 — 

9 — 1.83 0.071 — — 6.2 0.36 — 

10 — 0.95 0.049 — — 4.1 0.26 — 

11 0.39 0.035 1.5 0.13 
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Table A.Cd.Kao.2. Cadmium capture by kaolinite at the low temperature coiidition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm fJ-

I 0.25 0.031 0.0 0.05 
2 — 0.68 0.042 — — 0.0 0.05 — 

3 — 4.82 0.146 — — 0.0 0.05 
4 — 8.90 0.248 — — 0.7 0.09 
5 — 2.91 0.098 — — 1.8 0.14 
6 — 3.43 0.111 — — 4.2 0.26 
7 — 6.10 0.178 — — 13.1 0.71 
8 — 3.73 0.118 — — 13.0 0.70 
9 — 1.39 0.060 — — 5.1 0.31 

10 — 0.84 0.046 — — 3.0 0.20 
11 0.07 0.027 1.2 0.11 

Table A.Cd.Kao.3. Cadmium captiu'e by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm ppm H- ppm ppm y" 

1 0.16 0.029 0.0 0.05 
2 — 0.72 0.043 — — 0.2 0.06 
•-» J — 7.15 0.204 — — 0.2 0.06 
4 — 23.30 0.608 — — 0.6 0.08 
5 — 5.87 0.172 — 1.5 0.13 
6 — 4.34 0.134 — 3.8 0.24 
7 — 5.64 0.166 — 11.6 0.63 
8 — 2.87 0.097 — 8.6 0.48 
9 — 0.78 0.045 — 2.2 0.16 
10 — 0.53 0.038 — 1.2 0.11 
11 0.08 0.027 0.0 0.05 
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Table A.Cd.Kao.4. Cadmium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm 

1 0.13 0.028 0.0 0.05 
2 — 0.45 0.036 — — 0.0 0.05 — 

J  — 3.12 0.103 — — 0.0 0.05 — 

4 — 3.88 0.122 — — 0.1 0.06 — 

5 — 1.05 0.051 — — 0.7 0.09 — 

6 — 1.41 0.060 — — 2.1 0.16 — 

7 — 3.05 0.101 — 6.7 0.39 — 

8 — 2.01 0.075 — 5.1 0.31 — 

9 — 0.68 0.042 — 2.2 0.16 — 

10 — 0.46 0.037 — 0.8 0.09 — 

11 0.04 0.026 0.0 0.05 

Table A.Cd.Kao.5. Cadmium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm fj- ppm ppm A 

1 0.11 0.028 0.0 0.05 
2 — 0.39 0.035 — — 0.0 0.05 — 

J — 4.06 0.127 — — 0.0 0.05 — 

4 — 7.92 0.223 — — 0.3 0.07 — 

5 — 1.19 0.055 — — 0.7 0.09 — 

6 — 1.62 0.066 — — 2.3 0.17 — 

7 — 3.42 0.111 — — 6.5 0.38 — 

8 — 2.01 0.075 — — 5.1 0.31 — 

9 — 0.62 0.041 — — 1.9 0.15 — 

10 — 0.57 0.039 — — 0.6 0.08 — 

11 0.10 0.028 — 0.2 0.06 
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Table A.Cd.Kao.6. Cadmium capture by kaolinite at the Low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm 1  ̂ ppm ppm ppm ppm fJ-

1 0.10 0.028 0.0 0.05 
2 — 0.61 0.040 — — 0.0 0.05 — 

J — 5.28 0.157 — — 0.0 0.05 — 

4 — 26.90 0.698 — — 0.0 0.05 — 

5 — 4.46 0.137 — — 0.6 0.08 — 

6 — 3.17 0.104 — — 1.7 0.14 — 

7 — 2.42 0.086 — — 4.4 0.27 — 

8 — 1.99 0.075 — — 3.5 0.23 — 

9 — 0.41 0.035 — — 0.7 0.09 — 

10 — 0.45 0.036 — — 0.2 0.06 — 

11 0.04 0.026 0.0 0.05 

Table A.Cd.Kao.7. Cadmium capture by kaolinite at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm y" ppm fJ- ppm ppm H- ppm 

1 0.15 0.029 0.1 0.06 
2 — 0.71 0.043 — — 0.2 0.06 
3 — 8.85 0.246 — — 0.1 0.06 
4 — 34.90 0.898 — — 0.5 0.08 
5 — 8.15 0.229 — — 0.4 0.07 
6 — 3.93 0.123 — — 1.5 0.13 
7 — 3.11 0.103 — — 4.6 0.28 
8 — 1.73 0.068 — — 3.2 0.21 
9 — 0.45 0.036 — — 0.9 0.10 
10 — 0.58 0.040 — — 0.4 0.07 
11 0.05 0.026 0.1 0.06 
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Table A.Cd.Kao.8. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm H- ppm ppm ppm 

1 0.12 0.028 0.0 0.05 
2 0.14 0.029 — — 0.0 0.05 — 

J O.Il 0.028 — — 0.0 0.05 — 

4 0.19 0.030 — — 0.1 0.06 — 

5 0.45 0.036 — — 0.6 0.08 — 

6 1.31 0.058 — — 2.0 0.15 — 

7 2.59 0.090 — — 5.4 0.32 — 

8 1.67 0.067 — — 4.6 0.28 — 

9 0.61 0.040 — — 1.8 0.14 — 

10 0.74 0.044 — — 1.1 0.11 — 

11 0.13 0.028 0.3 0.07 

Table A.Cd.Kao.9. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm 

H-
ppm y" ppm ppm ppm ppm 

1 0.08 0.027 0.4 0.07 
2 0.08 0.027 — — 0.3 0.07 — 

3 0.08 0.027 — — 0.2 0.06 — 

4 0.21 0.030 — — 0.4 0.07 — 

5 0.33 0.033 — — 0.6 0.08 — 

6 1.28 0.057 — — 2.0 0.15 — 

7 2.11 0.094 — — 5.6 0.33 — 

8 1.82 0.071 — — 4.4 0.27 — 

9 0.65 0.041 — — 2.1 0.16 
10 0.34 0.034 — — 0.9 0.10 
11 0.05 0.026 —~ 0.0 0.05 
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Table A.Cd.Kao. 10 Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmixmi Sodium Calcium Aluminum Silicon 
ppm H- ppm ppm H- ppm fJ- ppm y" ppm 

1 0.19 0.030 0.1 0.06 
2 — 0.13 0.028 — — 0.1 0.06 — 

J — 0.25 0.031 — — 0.1 0.06 — 

4 — 0.28 0.032 — — 0.1 0.06 — 

5 — 0.46 0.037 — — 0.3 0.07 — 

6 — 1.13 0.053 — — 0.8 0.09 — 

7 — 2.31 0.083 — — 2.4 0.17 — 

8 — 1.85 0.071 — — 2.6 0.18 — 

9 — 0.56 0.039 — — 0.8 0.09 — 

10 — 0.30 0.033 — — 0.4 0.07 — 

11 -— 0.15 0.029 0.0 0.05 

Table A.Cd.Kao.l 1. Cadmium capmre by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm H- ppm ppm {J- ppm H-

1 0.16 0.029 0.0 0.05 
2 — 0.18 0.030 — — 0.0 0.05 — 

J — 0.33 0.033 — — 0.0 0.05 — 

4 — 0.55 0.039 — — 0.2 0.06 — 

5 — 0.49 0.037 — — 0.4 0.07 — 

6 — 1.15 0.054 — — 0.8 0.09 — 

7 — 2.35 0.084 — — 2.5 0.18 
8 — 1.44 0.061 — — 1.7 0.14 
9 — 0.31 0.033 — — 0.9 0.10 
10 — 0.30 0.033 — — 0.4 0.07 
11 0.13 0.028 0.3 0.07 
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Table A.Cd.Kao. 12 Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y- ppm ppm ppm ppm ppm 

1 0.12 0.028 0.0 0.05 
2 — 0.09 0.027 — — 0.0 0.05 
3 — 0.15 0.029 — — 0.0 0.05 
4 — 0.20 0.030 — — 0.0 0.05 
5 — 0.29 0.032 — — 0.1 0.06 
6 — 0.81 0.045 — — 0.5 0.08 
7 — 1.27 0.057 — 1.4 0.12 
8 — 0.85 0.046 — 1.2 0.11 
9 — 0.20 0.030 — 0.6 0.08 
10 — 0.33 0.033 — 0.4 0.07 
11 0.05 0.026 0.1 0.06 

-

Table A.Cd.Kao.l3. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm H- ppm fJ- ppm H- ppm ppm ppm 

1 0.26 0.032 0.0 0.05 
2 — 0.14 0.029 — 0.0 0.05 
—» J — 0.19 0.030 — 0.0 0.05 
4 — 0.28 0.032 — 0.1 0.06 
5 — 0.27 0.032 — 0.1 0.06 
6 — 0.60 0.040 — 0.4 0.07 
7 — 1.23 0.056 — 1.7 0.14 
8 — 0.69 0.042 — 0.9 0.10 
9 — 0.16 0.029 — 0.0 0.05 
10 — 0.13 0.028 — 0.0 0.05 
11 0.06 0.027 0.0 0.05 
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Table A.Cd.Kao.l4. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Soc ium Calcium Aluminum Silicon 
ppm ppm M ppm ppm ppm 

M 
ppm 

1 0.81 0.045 0.0 0.05 
2 — 0.27 0.032 — — 0.0 0.05 — 

3 — 0.34 0.034 — — 0.0 0.05 — 

4 — 0.49 0.037 — — 0.0 0.05 
5 — 0.33 0.033 — — 0.1 0.06 
6 — 0.67 0.042 — — 0.3 0.07 
7 — 1.18 0.055 — — 0.8 0.09 
8 — 0.72 0.043 — — 0.4 0.07 
9 — 0.60 0.040 — — 0.0 0.05 
10 — 0.30 0.033 — — 0.0 0.05 
11 0.35 0.034 -— 0.1 0.06 

Table A.Cd.Kao.15. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Sod ium Calcium Aluminum Silicon 
ppm ppm A ppm ppm ppm ppm A 

1 0.77 0.044 0.0 0.05 
2 — 0.39 0.035 — — 0.0 0.05 — 

J — 0.52 0.038 — — 0.0 0.05 — 

4 — 0.42 0.036 — — 0.0 0.05 — 

5 — 0.28 0.032 — — 0.1 0.06 — 

6 — 0.53 0.038 — — 0.2 0.06 — 

7 — 0.74 0.044 — — 0.5 0.08 — 

8 — 0.41 0.035 — — 0.1 0.06 — 

9 — 0.26 0.032 — — 0.0 0.05 — 

10 — 0.78 0.045 — — 0.1 0.06 — 

11 0.08 0.027 — 0.0 0.05 — 
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Table A.Cd.Kao. 16. Cadmium capture by kaolinite at the high temperature condition. 

Plate Lead Cadmium Soc ium Calcium Aluminum Silicon 
ppm ppm IJ- ppm H- ppm ppm H- ppm A 

1 0.53 0.038 0.0 0.05 
2 — 0.31 0.033 — — 0.0 0.05 — 

3 — 0.48 0.037 — — 0.0 0.05 — 

4 — 0.53 0.038 — — 0.1 0.06 — 

5 — 0.36 0.034 — — 0.0 0.05 — 

6 — 0.48 0-037 — — 0.2 0.06 
7 — 0.60 0.040 — — 0.4 0.07 
8 — 0.39 0.035 — — 0.3 0.07 
9 — 0.37 0.034 — — 0.2 0.06 
10 — 1.48 0.062 — — 0.8 0.09 
11 0.30 0.033 — 0.0 0.05 

Table A.PbCd.Kao.l. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm A ppm H- ppm ppm ppm 

1 0.3 0.07 0.18 0.030 0.0 0.05 
2 0.2 0.06 0.29 0.032 — — 0.0 0.05 
3 0.6 0.08 3.89 0.122 — 0.0 0.05 
4 9.1 0.51 73.80 1.870 — 0.1 0.06 
5 2.3 0.17 22.80 0.595 — 0.1 0.06 
6 1.0 0.10 4.94 0.149 — 0.3 0.07 
7 4.5 0.28 3.00 0.100 — 1.7 0.14 
8 5.3 0.32 1.95 0.074 — 1.9 0.15 
9 0.6 0.08 0.53 0.038 — 0.4 0.07 

10 0.2 0.06 0.52 0.038 — 0.1 0.06 
11 0.1 0.06 0.32 0.033 0.0 0.05 
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Table A.PbCd.Kao.2. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm 

1 1.4 0.12 0.06 0.027 0.0 0.05 
2 1.7 0.14 0.13 0.028 — — 0.0 0.05 — 

J 2.0 0.15 2.55 0.089 — — 0.0 0.05 — 

4 17.5 0.93 70.40 1.785 — 0.0 0.05 — 

5 2.6 0.18 12.80 0.345 — 0.0 0.05 — 

6 1.1 0.11 2.70 0.093 — 0.3 0.07 — 

7 3.6 0.23 1.69 0.067 — 0.9 0.10 — 

8 5.0 0.30 1.37 0.059 — 1.2 0.11 — 

9 0.6 0.08 0.61 0.040 — 0.3 0.07 — 

10 0.4 0.07 0.60 0.040 — 0.3 0.07 — 

11 0.4 0.07 0.46 0.037 —- 0.0 0.05 

Table A.PbCd.Kao.3. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm A ppm ppm ppm fJ- ppm 

1 0.2 0.06 0.05 0.026 0.0 0.05 0.0 0.20 
2 0.1 0.06 0.14 0.029 — — 0.0 0.05 0.0 0.20 
3 0.2 0.06 1.17 0.054 — — 0.0 0.05 0.4 0.28 
4 3.7 0.24 28.80 0.745 — — 0.0 0.05 0.4 0.28 
5 1.2 0.11 10.10 0.278 — — 0.1 0.06 0.7 0.34 
6 0.6 0.08 1.87 0.072 — — 0.1 0.06 0.2 0.24 
7 1.9 0.15 1.11 0.053 — — 0.7 0.09 1.1 0.42 
8 1.7 0.14 0.72 0.043 — — 0.5 0.08 0.6 0.32 
9 0.1 0.06 0.34 0.034 — — 0.0 0.05 0.4 0.28 

10 0.0 0.05 0.30 0.033 — — 0.0 0.05 0.8 0.36 
11 0.0 0.05 0.03 0.026 -— — 0.0 0.05 0.0 0.20 
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Table A.PbCd.Kao.4. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm // ppm H- ppm ppm ppm H-

1 0.1 0.06 0.05 0.026 0.0 0.05 
2 0.1 0.06 0.10 0.028 — — 0.0 0.05 
-> J 0.4 0.07 1.78 0.070 — — 0.0 0.05 
4 2.3 0.17 22.00 0.575 — — 0.0 0.05 
5 0.5 0.08 3.35 0.109 — — 0.1 0.06 
6 0.9 0.10 1.33 0.058 — — 0.4 0.07 
7 2.9 0.20 0.87 0.047 — — 1.1 0.11 
8 2.5 0.18 0.87 0.047 — — 0.9 0.10 
9 0.1 0.06 0.21 0.030 — — 0.0 0.05 
10 0.1 0.06 0.30 0.033 — — 0.0 0.05 
11 0.1 0.06 0.21 0.030 ~— 0.0 0.05 

Table A.PbCd.Kao.5. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm H- ppm 

1 1.8 0.14 0.10 0.028 0.1 0.06 
2 10.5 0.58 0.27 0.032 — — 0.1 0.06 
o  
J  13.0 0.70 0.32 0.033 — — 0.2 0.06 
4 5.0 0.30 0.38 0.035 — — 0.2 0.06 
5 0.6 0.08 0.09 0.027 — — 0.3 0.07 
6 1.9 0.15 0.30 0.033 — — 0.3 0.07 
7 5.3 0.32 0.77 0.044 — — 1.2 0.11 
8 5.1 0.31 0.43 0.036 — — 1.1 0.11 
9 0.5 0.08 0.15 0.029 — — 0.2 0.06 
10 0.3 0.07 0.15 0.029 — — 0.2 0.06 
11 0.2 0.06 0.11 0.028 0.2 0.06 
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Table A.PbCd.Kao.6. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm H- ppm ppm 

1 1.5 0.13 0.12 0.028 0.0 0.05 
2 6.1 0.36 0.19 0.030 — — 0.0 0.05 — 

J 8.5 0.48 0.21 0.030 — — 0.0 0.05 — 

4 2.5 0.18 0.09 0.027 — — 0.0 0.05 — 

5 0.4 0.07 O.IO 0.028 — — 0.0 0.05 — 

6 2.1 0.16 0.30 0.033 — — 0.4 0.07 — 

7 7.3 0.42 0.69 0.042 — — 1.7 0.14 — 

8 7.7 0.44 0.57 0.039 — — 1.4 0.12 — 

9 0.8 0.09 O.l l  0.028 — — 0.2 0.06 — 

10 0.2 0.06 O.IO 0.028 — — 0.1 0.06 — 

11 0.4 0.07 0.11 0.028 0.1 0.06 

Table A.PbCd.Kao.7. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm IJ- ppm A ppm ppm /J- ppm H- ppm 

1 0.2 0.06 0.18 0.030 0.0 0.05 
9 0.4 0.07 0.04 0.026 — — 0.0 0.05 
3 0.2 0.06 0.02 0.026 — — 0.0 0.05 
4 0.1 0.06 0.05 0.026 — — 0.0 0.05 
5 0.4 0.07 0.09 0.027 — — 0.1 0.06 
6 1.9 0.15 0.33 0.033 — — 0.7 0.09 
7 6.4 0.37 0.63 0.041 — — 2.3 0.17 
8 3.7 0.24 0.33 0.033 — — 1.2 0.11 
9 0.3 0.07 0.07 0.027 — — 0.1 0.06 
10 0.1 0.06 0.30 0.033 — — 0.1 0.06 
11 0.1 0.06 0.01 0.025 — 0.0 0.05 
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Table A.PbCd.Kao.8. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm y" ppm ppm H- ppm ppm 

1 0.3 0.07 0.03 0.026 0.0 0.05 
9 0.4 0.07 0.02 0.026 — — 0.0 0.05 — 

J  0.3 0.07 0.02 0.026 — — 0.0 0.05 — 

4 0.1 0.06 0.04 0.026 — — 0.0 0.05 — 

5 0.3 0.07 0.08 0.027 — — 0.1 0.06 — 

6 1.2 0.11 0.21 0.030 — — 0.6 0.08 — 

7 3.9 0.25 0.52 0.038 — — 1.5 0.13 — 

8 3.5 0.23 0.48 0.037 — — 1.0 0.10 — 

9 0.2 0.06 0.07 0.027 — — 0.5 0.08 — 

10 0.0 0.05 0.20 0.030 — — 0.0 0.05 — 

11 0.0 0.05 0.00 0.025 0.0 0.05 

Table A.PbCd.Kao.9. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm y" ppm ppm H- ppm H- ppm 

1 0.0 0.05 0.06 0.027 0.0 0.05 
2 0.0 0.05 0.03 0.026 — — 0.0 0.05 — 

3 0.0 0.05 0.03 0.026 — — 0.0 0.05 — 

4 0.1 0.06 0.19 0.030 — — 0.4 0.07 — 

5 0.6 0.08 0.99 0.050 — — 0.8 0.09 — 

6 2.5 0.18 0.58 0.040 — — 1.5 0.13 
7 10.8 0.59 7.51 0.213 — 6.1 0.36 
8 8.8 0.49 3.15 0.104 — 4.9 0.30 
9 1.1 0.11 1.46 0.062 — 0.7 0.09 
10 0.7 0.09 1.23 0.056 — 0.6 0.08 
11 0.1 0.06 0.11 0.028 0.3 0.07 
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Table A.PbCd.Kao.lO. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm M ppm 

1 0.1 0.06 0.02 0.026 0.0 0.05 
2 0.1 0.06 0.02 0.026 — — 0.0 0.05 — 

J  0.1 0.06 0.03 0.026 — — 0.0 0.05 — 

4 0.1 0.06 0.03 0.026 — — 0.0 0.05 — 

5 0.5 0.08 0.16 0.029 — — 0.4 0.07 — 

6 2.3 0.17 0.81 0.045 — — 1.5 0.13 — 

7 9.5 0.53 1.21 0.055 — — 5.6 0.33 — 

8 6.9 0.40 0.62 0.041 — — 3.8 0.24 — 

9 1.0 0.10 0.28 0.032 — — 0.6 0.08 — 

10 0.5 0.08 0.20 0.030 — — 0.4 0.07 — 

11 0.4 0.07 0.15 0.029 0.3 0.07 

Table A.PbCd.Kao.l 1. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm y" ppm ppm ppm ppm A 

1 5.4 0.32 0.15 0.029 0.0 0.05 
2 39.4 2.02 0.91 0.048 — — 2.5 0.18 
3 53.4 2.72 3.88 0.122 — — 0.2 0.06 
4 60.5 3.08 4.39 0.135 — — 0.0 0.05 
5 24.5 1.28 1.22 0.056 — — 0.1 0.06 
6 20.4 1.07 1.62 0.066 — — 0.1 0.06 
7 19.3 1.02 2.23 0.081 — — 2.1 0.16 
8 30.3 1.57 3.08 0.102 — — 3.7 0.24 
9 3.7 0.24 0.30 0.033 — — 0.5 0.08 

10 1.1 O.l l  0.69 0.042 — — 0.1 0.06 
11 0.9 0.10 0.26 0.032 0.0 0.05 
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Table A.PbCd.Kao.l2. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm fJ- ppm H- ppm ppm ppm 

1 2.8 0.19 0.07 0.027 0.0 0.05 
2 31.1 1.61 0.55 0.039 — — 0.0 0.05 — 

o  
J  56.6 2.88 2.72 0.093 — — 0.0 0.05 — 

4 57.8 2.94 1.89 0.072 — — 0.1 0.06 — 

5 16.8 0.89 0.47 0.037 — — 0.0 0.05 — 

6 10.4 0.57 0.67 0.042 — — 0.3 0.07 — 

7 16.4 0.87 1.67 0.067 — — 1.9 0-15 — 

8 33.6 1.73 3.24 0.106 — — 3.7 0.24 — 

9 3.0 0.20 0.40 0.035 — — 0.1 0.06 — 

10 3.2 0.21 0.94 0.049 — — 0.3 0.07 — 

11 1.5 0.13 0.28 0.032 0.1 0.06 

Table A.PbCd.Kao.l3. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm H- ppm ppm fJ- ppm H-

1 2.0 0.15 0.09 0.027 0.0 0.05 
2 12.9 0.70 0.33 0.033 — — 0.0 0.05 — 

3 37.9 1.95 0.83 0.046 — — 0.0 0.05 — 

4 16.2 0.86 0.37 0.034 — — 0.0 0.05 — 

5 1.2 0.11 0.31 0.033 — — 0.1 0.06 — 

6 4.8 0.29 0.53 0.038 — — 0.6 0.08 — 

7 27.2 1.41 2.84 0.096 — — 5.6 0.33 — 

8 41.8 2.14 3.31 0.108 — — 6.9 0.40 — 

9 6.0 0.35 0.66 0.042 — — 1.1 O.Il  — 

10 2.3 0.17 0.64 0.041 — — 0.6 0.08 — 

11 2.2 0.16 0.37 0.034 0.2 0.06 
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Table A.PbCd.Kao.l4. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm y" ppm H- ppm ppm fJ- ppm fJ-

1 2.0 0.15 0.19 0.030 0.0 0.05 
2 8.0 0.45 0.31 0.033 — — 0.0 0.05 — 

n J 26.7 1.39 1.12 0.053 — — 0.0 0.05 — 

4 14.0 0.75 3.17 0.104 — — 0.0 0.05 — 

5 1.0 0.10 0.46 0.037 — — 0.0 0.05 — 

6 3.4 0.22 0.67 0.042 — — 0.8 0.09 — 

7 28.0 1.45 3.37 0.109 — — 6.4 0.37 — 

8 51.1 2.61 4.63 0.141 — — 9.6 0.53 — 

9 6.1 0.36 0.56 0.039 — — 1.3 0.12 — 

10 3.7 0.24 0.55 0.039 — — 0.8 0.09 — 

11 1.7 0.14 0.22 0.031 0.4 0.07 

Table A.PbCd.Kao.15. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm y" ppm H- ppm ppm ppm 

1 1.0 0.10 0.07 0.027 0.0 0.05 
2 1.2 0.11 0.10 0.028 — — 0.1 0.06 — 

-) 1.0 0.10 0.10 0.028 — — 0.0 0.05 — 

4 0.4 0.07 0.33 0.033 — — 0.1 0.06 — 

5 1.0 0.10 0.23 0.031 — — 0.3 0.07 — 

6 3.6 0.23 0.57 0.039 — — 1.3 0.12 — 

7 24.3 1.27 2.36 0.084 — — 6.8 0.39 — 

8 33.4 1.72 2.61 0.090 — — 8.5 0.48 — 

9 4.7 0.29 0.49 0.037 — — 1.1 0.11 — 

10 2.9 0.20 0.57 0.039 — — 0.7 0.09 — 

11 2.0 0.15 0.33 0.033 0.5 0.08 
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Table A.PbCd.Kao.l6. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm A ppm ppm ppm H- ppm fJ-

1 0.6 0.08 0.06 0.027 0.0 0.05 
2 0.9 0.10 0.07 0.027 — — 0.2 0.06 — 

3 0.7 0.09 0.20 0.030 — — 0.0 0.05 — 

4 0.4 0.07 0.37 0.034 — — 0.0 0.05 — 

5 1.5 0.13 0.29 0.032 — — 0.4 0.07 — 

6 4.5 0.28 0.62 0.041 — — 1.6 0.13 — 

7 30.6 1.58 2.93 0.098 — — 9.5 0.53 — 

8 43.7 2.24 3.20 0.105 — — 12.1 0.66 — 

9 5.0 0.30 0.45 0.036 — — 1.7 0.14 — 

10 1.8 0.14 0.25 0.031 — — 0.5 0.08 — 

11 1.9 0.15 0.18 0.030 0.5 0.08 

Table A.PbCd.Kao.17. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm A ppm ppm H- ppm ppm 

1 4.0 0.25 0.20 0.030 0.0 0.05 
2 8.8 0.49 0.51 0.038 — — 0.0 0.05 — 

-> J 10.0 0.55 4.36 0.134 — — 0.0 0.05 
4 16.7 0.89 38.80 0.995 — — 0.0 0.05 
5 J.J 0.22 8.50 0.238 — — 0.2 0.06 
6 3.7 0.24 3.39 0.110 — — 0.7 0.09 
7 15.1 0.81 3.52 0.113 — — 3.8 0.24 
8 32.9 1.70 3.88 0.122 — — 6.6 0.38 
9 8.5 0.48 0.94 0.049 — — 1.8 0.14 
10 2.5 0.18 0.65 0.041 — — 0.9 0.10 
11 0.4 0.07 0.09 0.027 -— 0.3 0.07 
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Table A.PbCd.Kao.l8. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm y" ppm ppm ppm y" ppm 

1 "> -> 

J . J  0.22 0.12 0.028 0.0 0.05 
2 4.9 0.30 0.50 0.038 — — 0.0 0.05 — 

o  
J  5.1 0.31 4.17 0.129 — — 0.0 0.05 — 

4 22.9 1.20 84.40 2.135 — — 0.1 0.06 — 

5 5.3 0.32 21.00 0.550 — — 0.2 0.06 — 

6 4.0 0.25 5.99 0.175 — — 0.8 0.09 — 

7 18.2 0.96 4.85 0.146 — — 4.1 0.26 — 

8 31.7 1.64 4.20 0.130 — — 6.2 0.36 — 

9 4.8 0.29 0.76 0.044 — — 1.1 0.11 — 

10 1.7 0.14 0.45 0.036 — — 0.6 0.08 — 

11 0.6 0.08 0.13 0.028 0.2 0.06 

Table A.PbCd.Kao.l9. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm ppm H- ppm ppm A ppm 

1 0.9 0.10 0.06 0.027 0.05 0.05 
2 0.5 0.08 0.20 0.030 — — 0.05 0.05 — 

3 1.1 0.11 3.85 0.121 — — 0.05 0.05 — 

4 6.3 0.37 46.20 1.180 — — 0.05 0.05 
5 2.2 0.16 12.60 0.340 — — 0.06 0.06 
6 3.8 0.24 4.55 0.139 — — 0.12 0.12 
7 21.0 1.10 5.03 0.151 — — 0.42 0.42 
8 33.5 1.73 4.07 0.127 — — 0.46 0.46 
9 4.7 0.29 0.80 0.045 — — 0.10 0.10 
10 1.6 0.13 0.57 0.039 — — 0.08 0.08 
11 0.3 0.07 0.11 0.028 0.06 0.06 
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Table A.PbCd.Kao.20. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm ppm ppm fJ- ppm fJ- ppm 

1 0.7 0.09 0.10 0.028 0.0 0.05 
9 0.6 0.08 0.17 0.029 — — 0.0 0.05 — 

J l . I  0.11 3.43 0.111 — — 0.0 0.05 — 

4 2.8 0.19 20.20 0.530 — — 0.0 0.05 — 

5 1.4 0.12 3.73 0.118 — — 0.0 0.05 
6 4.9 0.30 3.02 O.IOl — — 2.1 0.16 
7 26.6 1.38 4.94 0.149 — — 10.8 0.59 
8 41.1 2.11 4.48 0.137 — — 12.2 0.66 
9 6.8 0.39 0.99 0.050 — — 2.0 0.15 
10 4.9 0.30 0.75 0.044 — — 1.4 0.12 
11 1.1 0.11 0.29 0.032 -— 0.3 0.07 

Table A.PbCd.Kao.21. Cadmium and lead bimetal capture by kaolinite at the low 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm y" ppm ppm fJ- ppm H- ppm fJ-

1 0.1 0.06 0.07 0.027 0.0 0.05 
2 0.1 0.06 0.18 0.030 — — 0.0 0.05 
3 0-4 0.07 2.82 0.096 — — 0.0 0.05 
4 1.8 0.14 17.40 0.460 — — 0.2 0.06 
5 1.2 0.11 3.18 0.105 — — 0.5 0.08 
6 3.7 0.24 2.41 0.085 — — 2.1 0.16 
7 18.9 1.00 3.47 0.112 — — 9.8 0.54 
8 22.2 1.16 2.76 0.094 — — 10.1 0.56 
9 2.7 0.19 0.39 0.035 — — 1.1 0.11 
10 1.0 0.10 0.41 0.035 — — 0.5 0.08 
11 0.7 0.09 0.15 0.029 -— 0.2 0.06 
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Table A.PbCd.Kao.22. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm y" ppm ppm ppm ppm ppm M 

1 1.5 0.13 0.10 0.028 0.0 0.05 
2 1.9 0.15 0.15 0.029 — — 0.0 0.05 
-> 0.9 O.IO 0.11 0.028 — — 0.0 0.05 
4 0.3 0.07 0.09 0.027 — 0.0 0.05 
5 0.2 0.06 0.08 0.027 — 0.0 0.05 
6 0.6 0.08 0.34 0.034 — 0.3 0.07 
7 1.4 0.12 0.86 0.047 — 0.6 0.08 
8 1.0 0.10 0.55 0.039 — 0.4 0.07 
9 0.0 0.05 0.21 0.030 — 0.0 0.05 
10 0.0 0.05 0.09 0.027 — 0.0 0.05 
11 0.0 0.05 0.24 0.031 0.0 0.05 

Table A.PbCd.Kao.23. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm M ppm U ppm ppm H- ppm ppm 

1 1.0 0.10 0.13 0.028 0.0 0.05 
2 1.5 0.13 0.55 0.039 — — 0.0 0.05 
-> 1.1 0.11 0.13 0.028 — — 0.0 0.05 
4 0.4 0.07 0.07 0.027 — — 0.3 0.07 
5 0.1 0.06 0.06 0.027 — — 0.5 0.08 
6 0.6 0.08 0.19 0.030 — — 0.3 0.07 
7 1.3 0.12 0.76 0.044 — — 0.5 0.08 
8 1.0 0.10 0.27 0.032 — — 0.3 0.07 
9 0.0 0.05 0.18 0.030 — — 0.0 0.05 
10 0.0 0.05 0.15 0.029 — — 0.0 0.05 
11 0.0 0.05 0.09 0.027 -— — 0.0 0.05 
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Table A.PbCd.Kao.24. Cadmium and lead bimetal capture bjv kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calciimi Aluminum Silicon 
ppm y" ppm ppm ppm fJ- ppm fJ- ppm 

1 2.3 0.17 0.33 0.033 0.0 0.05 
2 7.7 0.44 0.74 0.044 — — 0.0 0.05 — 

o J 6.0 0.35 0.56 0.039 — — 0.0 0.05 — 

4 2.8 0.19 0.32 0.033 — — 0.1 0.06 — 

5 0.5 0.08 0.18 0.030 — — 0.1 0.06 — 

6 1.4 0.12 0.75 0.044 — — 0.4 0.07 
7 4.0 0.25 1.44 0.061 — — 1.3 0.12 
8 4.1 0.26 1.12 0.053 — — 1.0 0.10 
9 0.5 0.08 0.19 0.030 — — 0.2 0.06 
10 0.3 0.07 0.66 0.042 — — 0.2 0.06 
11 0.2 0.06 0.19 0.030 --- 0.1 0.06 

Table A.PbCd.Kao.25. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm fJ- ppm A ppm H- ppm ppm ppm fJ-

1 1.5 0.13 0.20 0.030 0.0 0.05 
2 5.9 0.35 0.60 0.040 — — 0.0 0.05 
o J J.J 0.22 0.30 0.033 — — 0.0 0.05 
4 0.7 0.09 0.11 0.028 — — 0.0 0.05 
5 0.4 0.07 0.17 0.029 — — 0.1 0.06 
6 0.8 0.09 0.50 0.038 — — 0.4 0.07 
7 4.1 0.26 1.72 0.068 — — 1.5 0.13 
8 3.7 0.24 1.31 0.058 — — 1.3 0.12 
9 0.4 0.07 0.26 0.032 — — 0.1 0.06 
10 0.1 0.06 0.37 0.034 — — 0.2 0.06 
11 0.1 0.06 0.06 0.027 — — 0.1 0.06 
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Table A.PbCd.Kao.26. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm fJ- ppm ppm ppm M ppm 

1 0.5 0.08 0.14 0.029 0.1 0.06 
2 0.4 0.07 0.08 0.027 — — 0.0 0.05 — 

3 0.2 0.06 0.24 0.031 — — 0.0 0.05 — 

4 0.1 0.06 0.05 0.026 — — 0.1 0.06 — 

5 0.2 0.06 0.22 0.031 — — 0.5 0.08 — 

6 1.4 0.12 0.88 0.047 — — 0.8 0.09 — 

7 2.6 0.18 1.21 0.055 — — 1.4 0.12 — 

8 1.7 0.14 0.53 0.038 — — 0.7 0.09 — 

9 0.2 0.06 0.09 0.027 — — 0.0 0.05 — 

10 0.0 0.05 0.12 0.028 — — 0.1 0.06 — 

11 0.0 0.05 0.04 0.026 0.2 0.06 

Table A.PbCd.Kao.27. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm M ppm H- ppm ppm ppm 

1 0.4 0.07 0.09 0.027 0-0 0.05 
2 0.3 0.07 0.08 0.027 — — 0.0 0.05 — 

3 0.0 0.05 0.04 0.026 — — 0.0 0.05 
4 0.1 0.06 0.09 0.027 — — 0.0 0.05 
5 0.3 0.07 0.24 0.031 — — 0.2 0.06 
6 1.3 0.12 0.73 0.043 — — 0.7 0.09 
7 2.5 0.18 1.03 0.051 — — 1.3 0.12 
8 2.4 0.17 0.82 0.046 — — 1.1 0.11 
9 0.2 0.06 0.33 0.033 — — 0.2 0.06 

10 0.1 0.06 0.36 0.034 — — 0.0 0.05 
11 0.1 0.06 0.08 0.027 -— 0.0 0.05 
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Table A.PbCd.Kao.28. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm U ppm ppm ppm ppm ppm 

I 0.0 0.05 0.05 0.026 0.0 0.05 
2 0.0 0.05 0.05 0.026 — — 0.0 0.05 — 

J 0.0 0.05 0.05 0.026 — — 0.1 0.06 — 

4 0.2 0.06 0.22 0.031 — — 0.3 0.07 — 

5 0.9 0.10 0.59 0.040 — — 0.7 0.09 — 

6 2.0 0.15 1.22 0.056 — — 1.8 0.14 — 

7 8.3 0A7 3.36 0.109 — — 6.3 0.37 — 

8 7.7 0.44 2.32 0.083 — — 5.9 0.35 — 

9 1.1 0.11 0.35 0.034 — — 0.8 0.09 — 

10 0.4 0.07 0.30 0.033 — — 0.5 0.08 — 

11 0.1 0.06 0.07 0.027 0.2 0.06 

Table A.PbCd-Kao.29. Cadmium and lead bimetal capture by kaolinite at the high 
temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm ppm 

1 0.0 0.05 0.08 0.027 0.0 0.05 
2 0.1 0.06 0.08 0.027 — — 0.0 0.05 — 

J 0.0 0.05 0.07 0.027 — — 0.0 0.05 — 

4 0.4 0.07 0.27 0.032 — — 0.3 0.07 — 

5 0.9 0.10 0.61 0.040 — — 0.9 0.10 
6 2.1 0.16 1.21 0.055 — — 1.7 0.14 
7 9.0 0.50 3.55 0.114 — — 6.7 0.39 
8 10.6 0.58 2.79 0.095 — — 7.2 0.41 
9 1.9 0.15 0.51 0.038 — — 1.4 0.12 
10 0.7 0.09 0.53 0.038 — — 0.7 0.09 
11 0.4 0.07 0.16 0.029 —- -— 0.4 0.07 
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Table A.Cd.HL. 1. Cadmium capture by hydrated lime at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm ppm ppm M ppm H- ppm 

1 0.00 0.025 0.18 0.030 
2 — 0.01 0.025 — 0.21 0.030 — — 

J — 0.05 0.026 0.32 0.033 — — 

4 — 0.13 0.028 0.50 0.038 — — 

5 — 0.21 0.030 1.22 0.056 — — 

6 — 1.22 0.056 7.00 0.200 — — 

1 — 2.76 0.094 20.90 0.548 — — 

8 — 2.57 0.089 19.10 0.503 — — 

9 — 2.64 0.091 9.30 0.258 — — 

10 — 3.41 0.110 11.50 0.313 — — 

11 -— 0.28 0.032 1.25 0.056 —-

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm H- ppm y" ppm ppm 

1 0.02 0.026 0.24 0.031 
2 — 0.05 0.026 — 0.21 0.030 — — 

J — 0.82 0.046 — 0.32 0.033 — — 

4 — 2.07 0.077 — 0.57 0.039 — — 

5 — 0.54 0.039 — 1.04 0.051 — — 

6 — 1.83 0.071 — 6.30 0.183 — — 

7 — 4.91 0.148 — 25.30 0.658 — — 

8 — 3.39 0.110 — 19.50 0.513 — — 

9 — 1.97 0.074 — 10.20 0.280 — — 

10 — 1.70 0.068 — 8.90 0.248 — — 

11 0.13 0.028 0.82 0.046 — 
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Table A.Cd.HL.3. Cadmium capture by hydrated lime at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm M ppm U ppm ppm U ppm ppm 

H-

1 0.08 0.027 0.18 0.030 
2 — 0.20 0.030 — 0.20 0.030 — — 

J — 3A7 0.112 — 0.27 0.032 — — 

4 — 14.40 0.385 — 0.38 0.035 — — 

5 — 2.01 0.075 — 0.81 0.045 — — 

6 — 2.51 0.088 — 3.98 0.125 — — 

7 — 6.30 0.183 — 17.00 0.450 — — 

8 — 5.72 0.168 — 22.50 0.588 — — 

9 — 1.86 0.072 — 8.20 0.230 — — 

10 — 1.18 0.055 — 5.48 0.162 — — 

11 0.18 0.030 0.60 0.040 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm A ppm H- ppm fJ- ppm ppm 

1 0.02 0.026 0.18 0.030 
2 — 0.03 0.026 — 0.18 0.030 — — 

o 
J — 0.17 0.029 — 0.30 0.033 — — 

4 — 0.37 0.034 — 0.37 0.034 — 

5 — 0.26 0.032 — 0.99 0.050 — 

6 — 1.11 0.053 — 5.27 0.157 — 

7 — 3.49 0.112 — 22.20 0.580 — 

8 — 2.84 0.096 — 23.90 0.623 — 

9 — 1.52 0.063 — 8.70 0.243 — 

10 — 1.16 0.054 — 9.40 0.260 — 

11 0.16 0.029 0.94 0.049 
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Table A.Cd.HL.5. Cadmium capture by hydrated lime at the low temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm y" ppm ppm ppm ppm 

1 0.01 0.025 0.14 0.029 
2 — 0.04 0.026 — 0.18 0.030 — — 

3 — 0.97 0.049 — 0.25 0.031 — — 

4 — 3.16 0.104 — 0.47 0.037 — — 

5 — 0.69 0.042 — 1.03 0.051 — — 

6 — 2.39 0.085 — 7.10 0.203 — — 

7 — 5.69 0.167 — 21.70 0.568 — — 

8 — 5.48 0.162 — 30.00 0.775 — — 

9 — 2.90 0.098 — 15.80 0.420 — — 

10 — 1.65 0.066 — 13.20 0.355 — — 

11 0.14 0.029 0.81 0.045 

Table A.Cd.HL.6. Cad mium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm A ppm ppm ppm ppm H- ppm 

1 0.00 0.025 0.13 0.028 
2 — 0.01 0.025 — 0.11 0.028 — — 

3 — 0.02 0.026 — 0.12 0.028 — — 

4 — 0.07 0.027 — 0.32 0.033 — — 

5 — 0.26 0.032 — 0.86 0.047 — 

6 — 1.80 0.070 — 4.50 0.138 — 

7 — 7.10 0.203 — 17.80 0.470 — 

8 — 9.60 0.265 — 29.90 0.773 — 

9 — 3.19 0.105 — 13.60 0.365 — 

10 — 2.11 0.078 — 9.40 0.260 — 

11 — 0.19 0.030 0.94 0.049 — 
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Table A.Cd.HL.7. Cadmium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm IJ- ppm ppm y" ppm ppm 

1 0.02 0.026 0.22 0.031 
2 0.03 0.026 — 0.15 0.029 — — 

-) 0.02 0.026 — 0.26 0.032 — — 

4 0.05 0.026 — 0.31 0.033 — — 

5 0.26 0.032 — 0.92 0.048 — — 

6 1.61 0.065 — 4.12 0.128 — — 

7 5.56 0.164 — 13.50 0.363 — — 

8 6.90 0.198 — 23.60 0.615 — — 

9 3.00 0.100 — 13.30 0.358 — — 

10 1.96 0.074 — 8.60 0.240 — — 

11 0.12 0.028 0.66 0.042 

Table A.Cd.HL.8. Cac mium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm y" ppm ppm ppm H- ppm H-

1 0.02 0.026 0.10 0.028 
2 — 0.01 0.025 — 0.21 0.030 — — 

-> J — 0.01 0.025 — 0.12 0.028 — — 

4 — 0.04 0.026 — 0.19 0.030 — — 

5 — 0.24 0.031 — 0.60 0.040 — — 

6 — 1.34 0.059 — 2.19 0.080 — — 

7 — 6.12 0.178 — 9.30 0.258 — — 

8 — 10.80 0.295 — 18.60 0.490 — — 

9 — 3.87 0.122 — 13.50 0.363 — — 

10 — 3.77 0.119 — 10.80 0.295 — — 

11 — 0.14 0.029 0.70 0.043 — 
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Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm y" ppm ppm 

1 0.11 0.028 0.20 0.030 
2 — 0.04 0.026 — 0.12 0.028 — — 

o J 0.08 0.027 — 0.14 0.029 — — 

4 0.15 0.029 — 0.26 0.032 — — 

5 0.23 0.031 — 0.53 0.038 — — 

6 0.85 0.046 — 1.33 0.058 — — 

7 4.05 0.126 — 4.67 0.142 — — 

8 7.50 0.213 — 12.10 0.328 — — 

9 3.55 0.114 — 11.10 0.303 — — 

10 3.29 0.107 — 7.20 0.205 — — 

11 0.13 0.028 0.25 0.031 

Table A.Cd.HL.lO. Cadmium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm M ppm ppm 

1 0.12 0.028 0.10 0.028 
2 0.06 0.027 — 0.14 0.029 — 

-> J 0.08 0.027 — 0.12 0.028 — 

4 0.18 0.030 — 0.23 0.031 — 

5 0.27 0.032 — 0.36 0.034 — 

6 0.73 0.043 — 0.76 0.044 — 

7 2.16 0.079 — 2.21 0.080 — 

8 5.24 0.156 — 7.50 0.213 — 

9 3.10 0.103 — 7.70 0.218 — 

10 7.40 0.210 — 7.50 0.213 — 

11 0.32 0.033 0.83 0.046 
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Table A.Cd.HL. 11. Cadmium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminimi Silicoa 
ppm U ppm M ppm fi ppm u ppm ppm 

1 1.30 0.058 0.22 0.031 
2 — 0.58 0.040 — 0.31 0.033 — — 

o J — 0.46 0.037 — 0.41 0.035 — — 

4 — 0.62 0.041 — 0.89 0.047 — — 

5 — 1.16 0.054 — 2.81 0.095 — — 

6 — 2.35 0.084 — 5.64 0.166 — — 

7 — 3.31 0.108 — 5.69 0.167 — — 

8 — 14.50 0.388 — 23.50 0.613 — — 

9 — 18.10 0.478 — 32.20 0.830 — — 

10 — 32.70 0.843 — 15.40 0.410 — — 

11 0.49 0.037 0.74 0.044 — 

Table A.Cd.HL. 12. Cadmium capture by hydrated lime at the high temperature condition. 

Plate Lead Cadmium Sodium Calcium Aluminum Silicon 
ppm ppm ppm ppm M ppm ppm 

1 0.29 0.032 0.55 0.039 
2 — 0.27 0.032 — 0.23 0.031 — — 

3 — 1.54 0.064 — 0.18 0.030 — — 

4 — 20.90 0.548 — 0.33 0.033 — — 

5 — 14.40 0.385 — 0.68 0.042 — — 

6 — 7.20 0.205 — 1.36 0.059 — — 

7 — 4.10 0.128 — 3.06 0.102 — — 

8 — 8.00 0.225 — 11.10 0.303 — — 

9 — 24.10 0.628 — 17.50 0.463 — — 

10 — 8.10 0.228 — 7.21 0.205 — — 

11 0.33 0.033 0.62 0.041 — — 
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Table A.Cd.CDEM. 1. Cadmium capture by CDEM at the low temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm A ppm ppm ppm y" 

1 0.09 0.027 0.30 0.033 0.0 0.05 
2 — 2.18 0.080 0.30 0.033 0.0 0.05 — 

o J — 5.72 0.168 0.30 0.033 0.0 0.05 — 

4 52.40 1.335 0.40 0.035 0.0 0.05 
5 18.90 0.498 1.30 0.058 0.1 0.06 
6 10.40 0.285 5.60 0.165 0.9 0.10 
7 15.30 0.408 26.20 0.680 4.8 0.29 
8 21.90 0.573 44.40 1.135 11.5 0.63 
9 22.70 0.593 37.80 0.970 11.6 0.63 

10 25.40 0.660 62.00 1.575 23.5 1.23 
11 0.18 0.030 1.00 0.050 0.1 0.06 

Table A.Cd.CDEM.2. Cadmium capture by CDEM at the low temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm y" ppm y" ppm y" ppm 

1 0.12 0.028 0.40 0.035 0.0 0.05 
2 — 0.31 0.033 0.50 0.038 0.0 0.05 — 

3 — 3.74 0.119 0.40 0.035 0.0 0.05 — 

4 — 21.30 0.558 0.70 0.043 0.0 0.05 — 

5 — 6.60 0.190 2.40 0.085 0.3 0.07 
6 — 5.10 0.153 6.70 0.193 1.0 0.10 
7 — 10.10 0.278 23.90 0.623 4.5 0.28 
8 — 21.80 0.570 58.80 1.495 14.0 0.75 
9 — 23.30 0.608 50.50 1.288 16.9 0.90 
10 — 21.50 0.563 71.60 1.815 27.7 1.44 
11 — 0.45 0.036 4.00 0.125 1.0 0.10 
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Table A.Cd.CDEM.3. Cadmium capture by CDEM at the low temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm M ppm ppm U ppm 

1 0.04 0.026 0.20 0.030 0.0 0.05 
2 — 0.12 0.028 0.30 0.033 0.0 0.05 — 

J 1.07 0.052 0.30 0.033 0.0 0.05 — 

4 3.43 0.111 0.80 0.045 0.0 0.05 — 

5 1.48 0.062 1.70 0.068 0.3 0.07 — 

6 2.55 0.089 7.00 0.200 1.3 0.12 
7 5.54 0.164 19.70 0.518 3.8 0.24 
8 11.30 0.308 38.30 0.983 10.2 0.56 
9 15.80 0.420 38.70 0.993 13.0 0.70 
10 15.10 0.403 60.70 1.543 21.6 1.13 
11 0.18 0.030 1.30 0.058 0.2 0.06 

Table A.Cd.CDEM.4. Cadmium capture by CDEM at the low temperature condition. 

Plate Lead Cadmium Calcium Alimiinum Silicon 
ppm M ppm M ppm M ppm M ppm 

1 0.11 0.028 0.70 0.043 0.0 0.05 
2 — 0.27 0.032 0.80 0.045 0.0 0.05 — 

3 1.71 0.068 1.00 0.050 0.0 0.05 
4 6.30 0.183 0.80 0.045 0.0 0.05 
5 2.61 0.090 1.90 0.073 0.3 0.07 
6 2.97 0.099 6.80 0.195 0.9 0.10 
7 4.95 0.149 15.80 0.420 2.7 0.19 
8 12.10 0.328 39.20 1.005 10.2 0.56 
9 13.30 0.358 35.40 0.910 11.8 0.64 

10 9.90 0.273 45.00 1.150 18.3 0.97 
11 0.37 0.034 2.70 0.093 0.5 0.08 
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Table A.Cd.CDEM.5. Cadmium, capture by CDEM at the high temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm ppm y" ppm y" ppm y" 

1 3.73 0.118 0.20 0.030 0.0 0.05 
2 — 0.93 0.048 0.30 0.033 0.0 0.05 — 

3 — 0.53 0.038 0.30 0.033 0.0 0.05 — 

4 — 0.38 0.035 0.30 0.033 0.0 0.05 — 

5 — 0.43 0.036 0.60 0.040 0.0 0.05 — 

6 — 1.19 0.055 2.20 0.080 0.4 0.07 — 

7 — 5.42 0.161 10.20 0.280 1.9 0.15 — 

8 — 19.60 0.515 27.40 0.710 6.0 0.35 — 

9 — 22.70 0.593 32.00 0.825 8.9 0.50 — 

10 — 29.00 0.750 54.90 1.398 16.0 0.85 — 

11 7.80 0.220 22.50 0.588 6.5 0.38 

Table A.Cd.CDEM.6. Cadmium capture by CDEM at the high temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm A ppm A ppm y" ppm 

1 1.03 0.051 0.20 0.030 0.0 0.05 
2 — 0.25 0.031 0.30 0.033 0.0 0.05 — 

3 — 0.20 0.030 0.40 0.035 0.0 0.05 — 

4 — 0.22 0.031 0.40 0.035 0.0 0.05 — 

5 — 0.36 0.034 0.80 0.045 0.0 0.05 — 

6 — 1.40 0.060 3.20 0.105 0.5 0.08 — 

7 — 6.42 0.186 12.40 0.335 2.3 0.17 — 

8 — 18.30 0.483 30.40 0.785 6.9 0.40 — 

9 — 25.70 0.668 31.20 0.805 8.7 0.49 — 

10 — 31.40 0.810 66.80 1.695 19.2 1.01 — 

11 - —  8.50 0.238 28.60 0.740 8.3 0.47 — 
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Table A.Cd.CDEM.7. Cadmium capture by CDEM at the high temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm A ppm ppm ppm A ppm y" 

1 0.64 0.041 0.20 0.030 0.0 0.05 
2 0.17 0.029 0.20 0.030 0.0 0.05 — 

J 0.16 0.029 0.20 0.030 0.0 0.05 — 

4 0.21 0.030 0.40 0.035 0.0 0.05 — 

5 0.44 0.036 1.00 0.050 0.0 0.05 — 

6 1.86 0.072 4.00 0.125 0.6 0.08 — 

7 9.00 0.250 19.10 0.503 3.2 0.21 — 

8 22.30 0.583 37.80 0.970 8.5 0.48 — 

9 26.10 0.678 34.60 0.890 8.3 0.47 — 

10 34.10 0.878 68.80 1.745 22.8 1.19 — 

11 26.10 0.678 55.90 1.423 19.1 1.01 

Table A.Cd.CDEM.8. Cadmium capture by CDEM at the high temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm IJ- ppm 1̂  ppm fJ- ppm 1̂  

1 0.41 0.035 0.30 0.033 0.0 0.05 
2 — 0.17 0.029 0.50 0.038 0.0 0.05 — 

3 — 0.16 0.029 0.40 0.035 0.0 0.05 — 

4 — 0.20 0.030 0.50 0.038 0.0 0.05 — 

5 — 0.54 0.039 1.40 0.060 0.1 0.06 — 

6 — 2.09 0.077 4.70 0.143 0.7 0.09 — 

7 — 10.60 0.290 22.70 0.593 3.9 0.25 — 

8 — 27.40 0.710 46.10 1.178 11.7 0.64 — 

9 — 35.60 0.915 53.30 1.358 14.5 0.78 — 

10 — 49.70 1.268 92.40 2.335 32.6 1.68 — 

11 — 0.20 0.030 0.80 0.045 0.2 0.06 — 
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Table A.CdPb.CDEM.L Cadmium and lead bimetal capture by CDEM at the low 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm ppm ppm y" ppm 

1 2.0 0.15 0.12 0.028 0.10 0.028 0.0 0.05 
2 7.5 0.43 0.42 0.036 0.07 0.027 0.0 0.05 — 

3 10.4 0.57 2.16 0.079 0.11 0.028 0.0 0.05 — 

4 7.9 0.45 9.00 0.250 0.21 0.030 0.0 0.05 — 

5 1.5 0.13 1.59 0.065 0.65 0.041 0.0 0.05 — 

6 2.2 0.16 2.51 0.088 3.81 0.120 0.7 0.09 — 

7 8.2 0.46 7.50 0.213 14.40 0.385 3.6 0.23 — 

8 30.7 1.59 15.00 0.400 30.30 0.783 10.7 0.59 — 

9 18.7 0.99 5.97 0.174 16.00 0.425 7.3 0.42 — 

10 10.8 0.59 6.08 0.177 24.20 0.630 10.1 0.56 — 

11 1.2 0.11 0.60 0.040 3.59 0.115 1.1 0.11 

Table A.CdPb.CDEM.2. Cadmium and lead bimetal capture by CDEM at the low 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm A ppm M ppm A ppm 

1 3.1 0.21 0.24 0.031 0.14 0.029 0.0 0.05 
2 17.8 0.94 1.31 0.058 0.18 0.030 0.0 0.05 — 

n J 44.2 2.26 6.04 0.176 0.77 0.044 0.0 0.05 — 

4 40.8 2.09 28.90 0.748 0.22 0.031 0.0 0.05 — 

5 7.1 0.41 7.50 0.213 0.50 0.038 0.0 0.05 — 

6 4.5 0.28 3.96 0.124 2.47 0.087 0.3 0.07 — 

7 11.0 0.60 11.40 0.310 13.57 0.364 2.5 0.18 — 

8 27.6 1.43 20.00 0.525 28.60 0.740 7.7 0.44 — 

9 18.7 0.99 7.60 0.215 18.10 0.478 6.7 0.39 — 

10 14.1 0.76 6.90 0.198 32.60 0.840 12.3 0.67 — 

11 1.3 0.12 0.56 0.039 2.45 0.086 0.6 0.08 
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Table A.CdPb.CDEM.3. Cadmium and lead bimetal capture by CDEM at the low 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm y" ppm A ppm y" ppm y" ppm 

1 2.50 0.18 0.10 0.028 0.15 0.029 0.0 0.05 
2 11.90 0.65 0.50 0.038 0.14 0.029 0.0 0.05 — 

3 16.80 0.89 1.90 0.073 0.26 0.032 0.0 0.05 
4 12.00 0.65 9.90 0.273 0.46 0.037 0.0 0.05 
5 2.50 0.18 2.10 0.078 0.62 0.041 0.1 0.06 
6 2.40 0.17 1.90 0.073 2.35 0.084 0.3 0.07 
7 7.90 0.45 8.80 0.245 12.90 0.348 2.2 0.16 
8 19.50 1.03 14.70 0.393 23.50 0.613 5.8 0.34 
9 13.30 0.72 5.90 0.173 14.40 0.385 4.8 0.29 

10 13.50 0.73 5.90 0.173 31.80 0.820 11.2 0.61 
11 1.00 0.10 0.40 0.035 2.34 0.084 0.5 0.08 

Table A.CdPb.CDEM.4. Cadmium and lead bimetal capture by CDEM at the low 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm A ppm ppm fJ- ppm 

1 2.40 0.17 0.13 0.028 0.15 0.029 0.0 0.05 
2 9.60 0.53 0.46 0.037 0.20 0.030 0.0 0.05 — 

3 13.70 0.74 2.96 0.099 0.11 0.028 0.0 0.05 
4 11.60 0.63 11.20 0.305 0.45 0.036 0.1 0.06 
5 1.20 0.11 1.76 0.069 0.46 0.037 0.1 0.06 
6 2.30 0.17 2.54 0.089 3.47 0.112 0.3 0.07 
7 8.70 0.49 11.70 0.318 18.10 0.478 3.0 0.20 
8 25.30 1.32 21.20 0.555 37.10 0.953 8.6 0.48 
9 22.40 1.17 10.80 0.295 26.90 0.698 8.7 0.49 
10 19.80 1.04 9.10 0.253 47.10 1.203 17.8 0.94 
11 1.40 0.12 0.66 0.042 4.08 0.127 0.7 0.09 
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Table A.CdPb.CDEM.5. Cadmium and lead bimetal capture by CDEM at the low 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm fJ- ppm ppm ppm ppm 

I 1.40 0.12 0.07 0.027 0.18 0.030 0.0 0.05 
2 2.10 0.16 0.11 0.028 0.13 0.028 0.0 0.05 — 

3 1.60 0.13 0.25 0.031 0.24 0.031 0.0 0.05 — 

4 0.90 0.10 0.61 0.040 0.43 0.036 0.1 0.06 — 

5 0.50 0.08 0.38 0.035 0.97 0.049 0.2 0.06 — 

6 1.60 0.13 1.87 0.072 4.96 0.149 0.7 0.09 — 

7 5.10 0.31 6.90 0.198 15.80 0.420 3.0 0.20 — 

8 15.50 0.83 11.20 0.305 30.60 0.790 6.6 0.38 — 

9 15.30 0.82 7.00 0.200 23.00 0.600 7.3 0.42 — 

10 8.50 0.48 3.79 0.120 24.00 0.625 8.2 0.46 — 

11 1.60 0.13 0.73 0.043 4.00 0.125 0.9 0.10 

Table A.CdPb.CDEM.6. Cadmium and lead bimetal capture by CDEM at the high 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm A ppm A ppm ppm 

1 2.3 0.17 0.11 0.028 0.08 0.027 0.0 0.05 
2 16.5 0.88 0.70 0.043 0.35 0.034 0.0 0.05 — 

3 30.7 1.59 1.35 0.059 0.13 0.028 0.0 0.05 — 

4 11.1 0.61 0.52 0.038 0.31 0.033 0.0 0.05 — 

5 2.1 0.16 0.23 0.031 0.73 0.043 0.1 0.06 — 

6 2.5 0.18 0.89 0.047 3.47 0.112 0.4 0.07 — 

7 7.3 0.42 4.44 0.136 15.00 0.400 2.8 0.19 — 

8 21.5 1.13 8.30 0.233 31.50 0.813 8.1 0.46 — 

9 16.2 0.86 5.38 0.160 18.60 0.490 6.5 0.38 — 

10 10.5 0.58 4.91 0.148 28.30 0.733 9.3 0.52 — 

11 1.0 0.10 0.35 0.034 1.73 0.068 0.6 0.08 
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Table A.CdPb.CDEM.7. Cadmium and lead bimetal capture by CDEM at the high 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm y" ppm y" ppm ppm 

1 5.30 0.32 0.33 0.033 0.24 0.031 0.0 0.05 
2 32.00 1.65 1.87 0.072 0.32 0.033 0.0 0.05 
3 55.70 2.84 4.05 0.126 0.24 0.031 0.0 0.05 
4 23.20 1.21 1.46 0.062 0.31 0.033 0.1 0.06 
5 5.50 0.33 0.57 0.039 0.57 0.039 0.2 0.06 
6 3.50 0.23 1.25 0.056 1.61 0.065 0.2 0.06 
7 5.00 0.30 5.51 0.163 6.95 0.199 1.2 0.11 
8 15.00 0.80 14.50 0.388 20.80 0.545 4.8 0.29 
9 21.60 1.13 12.30 0.333 25.00 0.650 8.5 0.48 
10 13.40 0.72 8.70 0.243 21.00 0.550 8.0 0.45 
11 1.10 0.11 0.65 0.041 2.07 0.077 0.5 0.08 

Table A.CdPb.CDEM.8. Cadmium and lead bimetal capture by CDEM at the high 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm ppm fJ- ppm fJ- ppm 

1 2.70 0.19 0.20 0.030 0.22 0.031 0.0 0.05 
2 18.60 0.98 1.03 0.051 0.23 0.031 0.0 0.05 
J 33.10 1.71 1.79 0.070 0.27 0.032 0.0 0.05 
4 11.90 0.65 0.70 0.043 0.27 0.032 0.0 0.05 
5 2.20 0.16 0.30 0.033 0.44 0.036 0.1 0.06 
6 2.10 0.16 0.93 0.048 1.32 0.058 0.2 0.06 
7 4.10 0.26 5.33 0.158 6.90 0.198 1.1 0.11 
8 10.30 0.57 12.00 0.325 16.30 0.433 3.7 0.24 
9 14.50 0.78 9.00 0.250 16.80 0.445 5.5 0.33 
10 11.70 0.64 8.50 0.238 22.00 0.575 7.3 0.42 
11 1.20 0.11 0.81 0.045 2.46 0.087 0.7 0.09 
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Table A.CdPb.CDEM.9. Cadmium and lead bimetal capture by CDEM at the high 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum SiHcon 
ppm ppm 

/" 
ppm y" ppm ppm 

1 1.70 0.14 0.29 0.032 0.28 0.032 0.0 0.05 
2 6.10 0.36 0.43 0.036 0.33 0.033 0.0 0.05 — 

J 5.30 0.32 0.72 0.043 0.28 0.032 0.0 0.05 — 

4 1.80 0.14 0.18 0.030 0.28 0.032 0.0 0.05 — 

5 0.40 0.07 0.16 0.029 0.45 0.036 0.1 0.06 — 

6 0.90 0.10 0.98 0.050 2.15 0.079 0.3 0.07 — 

7 4.00 0.25 5.70 0.168 10.90 0.298 1.8 0.14 — 

8 10.20 0.56 11.70 0.318 20.60 0.540 4.6 0.28 — 

9 11.40 0.62 7.30 0.208 15.10 0.403 4.5 0.28 — 

10 11.00 0.60 9.40 0.260 31.20 0.805 10.7 0.59 
11 0.40 0.07 0.31 0.033 1.21 0.055 0.3 0.07 

Table A.CdPb.CDEM.lO. Cadmium and lead bimetal capture by CDEM at the high 
temperature condition. 

Plate Lead Cadmium Calcium Aluminum Silicon 
ppm ppm ppm ppm ppm 

1 4.80 0.29 0.40 0.035 0.21 0.030 0.0 0.05 
2 33.60 1.73 1.90 0.073 0.20 0.030 0.0 0.05 
-> 

J 42.80 2.19 2.53 0.088 0.26 0.032 0.0 0.05 
4 16.20 0.86 0.91 0.048 0.21 0.030 0.0 0.05 
5 5.90 0.35 0.52 0.038 1.08 0.052 0.1 0.06 
6 3.60 0.23 0.78 0.045 0.81 0.045 0.1 0.06 
7 3.80 0.24 3.57 0.114 4.00 0.125 0.7 0.09 
8 9.00 0.50 9.50 0.263 11.00 0.300 2.0 0.15 
9 7.40 0.42 5.22 0.156 9.40 0.260 2.4 0.17 
10 10.10 0.56 10.10 0.278 21.10 0.553 6.4 0.37 
11 1.60 0.13 1.17 0.054 2.90 0.098 0.7 0.09 
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Table A.SNa.L R.esults of sodium/kaolinite product solubility. 

Run (p = 0.215 <p=0.616 (p= 1.792 (27=3.172 

Soluble 
Na 
A1 
Si 

(/^oles) 
2.89 
1.19 
1.03 

(/rnioles) 
4.46 
2.13 
2.16 

(/^oles) 
2.58 
0.74 
2.04 

(/^oles) 
0.89 
0.07 
1.88 

Insoluble 
Na 

Capture 
13.2 % 24.62 % 65.41 % 84.5 % 

Soluble 
Na 

Capture 
20.43 % 34.38 % 30.29 % 15.0% 

Table A.S 1. Lead oxide capture by kaolinite at the low temperature condition. 

Cp6 (ppmv) Pb Capture (%) (p (alumina/metal oxide) 

33.0 58.92 0.664 
20.9 80.51 \.2d1 
30.1 72.50 1.272 
26.6 76.51 1.211 
28.9 83.95 1.375 
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Table A.S2L. Cadmium oxide capture by kaolinite at the low temperature condition. 

Ccd (ppmv) Cd Capture (%) (p (alumina/metal oxide) 

20.8 71.7 4.89 
29.4 49.0 2.58 
45.7 29.2 1.213 
14.5 48.8 2.21 
19.5 39.4 1.65 
21.\ 19.2 0.505 
37.1 16.8 0.396 

Table A.S2H. Cadmium oxide capture by kaolinite at the high temperature condition. 

Ccd (ppmv) Cd Capture (%) (p (alumina/metal oxide) 

4.77 86.9 4.10 
4.55 98.98 4.61 
6.00 92.6 2.24 
5.39 87.6 2.065 
3.87 70.3 2.03 
3.56 64.3 1.69 
6.72 61.9 0.616 
4.60 54.4 0.434 
8.37 74.3 1.03 

Table A.S3L. Sodium oxide capture by kaolinite at the low temperature condition. 

Cx'a (ppmv) Na Capture (%) (p (alumina/metal oxide) 

19.48 33.96 0.229 
20.46 44.84 0.375 
19.1 76.87 0.754 

17.32 84.97 0.975 
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Table A.S3H. Sodium oxide capture by kaolinite at the high temperature condition. 

Cs'a (ppmv) Na Capture (%) (p (alumina/metal oxide) 

150.8 33.1 0.233 
71.13 48.46 0.338 
85.08 73.58 0.611 
83.34 79.57 0.714 
114.7 90.7 0.674 
100.6 77.6 0.956 
79.19 94.84 1.318 
16J2> 92.25 1.026 
83.69 96.29 1.217 
74A3 96.54 1.323 

Table A.SLL. Cadmium oxide capture by hydrated lime at t le low temperature condition. 

Ccd (ppmv) Cd Capture (%) g? (calcium/metal oxide) 

11.79 99.4 15.15 
15.48 82.2 11.77 
33.66 47.8 4.39 
9.88 94.4 18.28 
20.53 80.45 10.97 

Table A.SL. Cadmium oxide capture by hydrated lime at the high temperature condition. 

Ccd (ppmv) Cd Capture (%) (p (calcium/metal oxide) 

21.62 100.0 8.91 
17.34 100.0 9.40 
23.41 100.0 5.95 
17.74 100.0 5.32 
5.82 99.8 3.86 

22.37 97.6 3.25 
26.41 59.0 1.69 
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Table A.SLCDEM. Cadmium oxide capture by CDEM at the low temperature condition. 

Ccd (ppmv) Cd Capture (%) cp (alumina/metal oxide) 

155.6 54.8 0.624 
101.5 12.2 1.18 
5Q.21 89.7 1.85 
48.47 80.4 1.70 

Table A.SHCDEM. Cadmium oxide capture by CDEM at the high temperature condition. 

Ccd (ppmv) Cd Capture (%) (p (alumina/metal oxide) 

81.44 92.9 0.824 
83.27 97.6 0.918 
107.5 98.3 0.952 
112.8 99.0 1.043 
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Table A.Ml. Lead and cadmium capture by kaolinite at the low temperature condition 

Cpb (ppmv) Ccd (ppmv) Pb Capture (%) Cd Capture (%) *(p 

11.65 99.6 50-45 5.82 0.077 
17.5 85.2 29.8 4.35 0.056 
4.68 40.8 47.8 5.55 0.059 
4.82 28.2 68.5 7.96 0.145 
21.3 5.04 39.3 71.2 0.304 
18.1 2.87 48.8 70.2 0.352 
13.3 3.64 92.8 82.7 0.99 
9.83 2.97 89.7 91.5 1.07 
20.7 10.9 99.2 93.9 1.75 
62.4 8.32 37.9 55.5 0.122 
56.2 5.73 29.1 55.5 0.096 
49.6 6.09 54.3 81.01 0.335 
46.8 9.03 64.1 65.1 0.423 
36.4 6.89 96.4 90.9 0.832 
44.1 7.65 97.8 90.2 0.948 
51 57.6 60.4 19.3 0.239 

49.4 112.4 60.8 13 0.15 
36.6 69.3 86.5 19.4 0.326 
44.3 40 92.7 38.3 0.631 
25.4 29.5 96 29.1 0.825 

"cp = alumina/total metal-oxide 

Cpb (ppmv) Ccd (ppmv) Pb Capture (%) Cd Capture (%) *(p 

3.16 2.5 38.5 73.9 0.432 
3.37 2.29 79.5 79.3 0.658 
28.7 11.5 37.6 66.2 0.317 
20.2 9.95 44.9 76.9 0.444 
7.03 6.39 100 94.4 1.025 
lAl 6.91 91.3 89.7 0.919 
19.9 15.2 100 93.8 1.735 
25.1 17.5 100 93.4 1.665 

° cp - alumina/total metal-oxide 
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Table A.M3. Lead and sodium capture by kaolinite at the low temperature condition. 

Cpb (ppmv) Cva (ppmv) Pb Capture (%) Na Capture (%) *(p 

44.45 18.04 2.67 19.84 0.036 
58.35 18.85 4.53 24.38 0.037 
34.97 15.87 7.35 49.67 0.139 
37.42 15.48 8.00 46.83 0.130 
6.04 2.29 54.37 90.04 1.259 
6.57 2.52 55.36 89.45 1.348 

46.44 18.11 89.68 98.89 1.795 
45.67 15.29 91.81 98.55 1.983 
42.39 10.08 50.25 100.0 0.938 
39.21 13.34 50.99 90.40 0.903 

*(p = alumina/total metal-oxide 

Table A.M4. Lead and sodium capture by kaolinite at the high temperature condition. 

Cpb (ppmv) Cno (ppmv) Pb Capture (%) Na Capture (%) *(p 

80.02 69.78 12.40 38.40 0.131 
82.67 68.05 14.42 36.84 0.118 
86.57 59.64 18.63 68.08 0.253 
82.14 72.63 21.56 74.81 0.300 
90.57 32.62 64.90 97.96 1.224 
42.01 6.41 93.23 96.19 1.731 
45.62 108.25 35.34 97.67 0.580 
42.15 67.50 40.45 99.43 0.732 
33.82 71.35 52.78 98.59 0.904 
36.03 68.85 54.78 97.42 0.778 
28.18 62.31 86.06 98.25 1.194 
27.22 64.75 88.05 98.66 1.246 
39.74 50.98 42.69 94.90 0.912 
30.40 26.30 34.29 91.74 0.569 
25.34 31.47 60.50 92.63 0.817 
25.87 33.19 60.89 94.07 0.836 

*(p = alumina/total metal-oxide 



262 

Table A.M5. Lead and cadmium capture by CD EM at the low temperature condition. 

Cpb (ppmv) Ccd (ppmv) Pb Capture (%) Cd Capture (%) *q) 

48.70 45.24 70.7 12.6 2.41 
91.63 83.83 40.2 53.1 1.39 
49.76 46.26 55.7 72.4 2.27 
57.04 64.39 61.6 77.7 2.78 
26.06 29.22 89.0 91.2 4.64 

= alumina/total metal-oxide 

Cpb (ppmv) Ccd (ppmv) Pb Capture (%) Cd Capture (%) *(p 

58.63 24.14 48.3 89.5 2.99 
87.34 45.46 33.0 85.4 1.46 
54.15 36.04 38.7 90.7 1.81 
25.63 33-01 71.4 95.9 3.49 
66.87 32.50 25.0 83.7 1.23 

' (p = alumina/total metal-oxide 
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